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JET STREAMS OF THE ATMOSPHERE 

FOREWORD 

In 1953 a comprehensive survey of available informa- 
tion on the Jet Stream was published by Project AROWA 
and distributed to Naval Weather Officers in the field and 
afloat as a U.   S.   Navy Bureau of Aeronautics publication 
entitled THE JET STREAM (NAVAER 50-1R-249).   This 
document was later republished and given wider distribu- 
tion within the meteorological profession as a monograph 
of the American Meteorological Society. 

Since that time intensive research on this interesting 
and important meteorological phenemenon has continued. 
As a result it once again seems timely that an evaluation 
and summary  of research progress and data on atmospheric 
jet streams be compiled for the use of the practicing 
weather officer. 

In particular,   data is now available concerning the 
detailed structure of jet streams in the atmosphere.   This 
information has been obtained in part from the high-level 
measuring program conducted under Task 15,   OPERATION- 
AL RESEARCH INTO THE DETAILED STRUCTURE OF 
THE JET STREAM,   which was assigned to the U,   S. 
Navy Weather Research Facility by Bureau of Aeronautics 
letter Aer-MA-5 serial 138957 dated 6 December 1951. 
Jet probing flights utilizing a specially instrumented U.   S. 
Navy A3D-1 jet aircraft have been conducted during the 
past six years.   Additional information has been obtained 
from jet probing flights conducted by the Geophysics Re- 
search Directorate of the U.   S.   Air Force Cambridge 
Research Center.   Although many problems remain unsolved 
we may now construct a rather detailed description of the 
structure of jet streams and of the dynamics of their life 
histories. 

Specific attention is devoted in this publication to 
high-velocity air streams other than the Polar Jet Stream 
and to the role of jet streams in the general hemispheric 
circulation.   In addition new techniques and procedures 
for high-level wind analysis,   e. g.  the layer of maximum 



wind,   are described and applied to the synoptic forecasting 
problem. 

Dr.   Herbert Riehl of the Department of Meteorology, 
University of Chicago wrote the manuscript from which 
this publication was produced.   Editorial assistance was 
provided by members of the staff of the U.   S.   Navy Weather 
Research Facility,   in particular by Mr.   Duane A.   Lea. 
Chapter XI was prepared by LCDR J.   W.   Hinkelman,   USN, 
presently on duty with the Federal Aviation Agency. 

DANIEL F.   REX 
Commander,   U.   S.   Navy 
Officer in Charge 
U.   S.   Navy Weather Research Facility 
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Note on References:     The main purpose of this volume is 
to serve as a text for class or self-instruction.   Therefore 
the number of literature references is quite limited and, 
with few exceptions,   reference is made only to books and 
periodicals with wide distribution so that they will be acces- 
sible to most readers.   For complete documentation through 
1956,   including papers in non-standard publications not 
readily available,   the reader is referred to Technical Note 
No.   19 (WMO - No.   71 TP.   27),    Secretariat of the World 
Meteorological Organization,   Ave de la Paix,     Geneva, 
Switzerland. 

Note on Units:    Much of the information presented in this 
text has been derived from a great variety of source mate- 
erial.   An effort has been made to redraft and relabel 
diagrams taken from the literature to reduce the large num- 
ber of different units employed in meteorology,   but it has 
not been possible to introduce a standard system of units 
throughout. 

In most diagrams wind is expressed in knots.   A short 
barb denotes 5 knots,   a long one ten knots,   a triangle 50 
knots and a rectangle 100 knots.   Thus,   a wind of 175 knots 
is represented symbolically by 

^  

in 
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Chapter I 

Introdu c tion 

Flight missions in the altitude range 
from 30, 000 to 40, 000 feet are com- 
monplace in the military services; 
since the 1950's,  regular commercial 
service has begun.    Sounding balloons 
penetrate to the tropopause andbeyond 
at many points around the globe.    At 
least once daily they provide informa- 
tion on wind,   temperature and heights 
of isobaric surfaces to great altitudes. 
New types of measuring equipment, 
such as transosonde balloons,   furnish 
data.     All of these sources of informa- 
tion document amply that the air cur- 
rents of the tropopause region in the 
temperate zone and in other climatic 
belts possess narrow,   high-velocity 
cores,   bordered on both sides by 
broad expanses of more sluggish mo- 
tion. 

The leadership in the early phases 
of jet stream research was carried by 
C. - G. Rossby.   He looked for evidence 
of high-velocity cores from the late 
1930^, following his work on the Gulf 
Stream (Rossby 1936),   a narrow ocean 
current with speeds of meters per 
second embedded in an environment 
with speeds of centimeters per sec- 
ond (fig.   1.1).    At first Rossby met 
discouragement because winds at 
10, 000 feet--a standard level for 
upper-air analysis for many years- 
varied only gradually with latitude. 
Then, in the early 1940's,   reports 
began to arrive that spoke of extra- 
ordinary wind speeds encountered by 

high-altitude bombing planes.    Near 
30, 000 feet these winds on occasion at- 
tained the speed of the planes them- 
selves. 

With the rise in aircraft ceilings,   the 
frequency of radiosonde ascents reach- 
ing the tropopause also increased.     Be- 
ginning in 1945 maps of the tropopause 
region and vertical cross sections to 300 
mb and higher could be drawn in several 
parts of the northern hemisphere.    With 
use of geostrophic or gradient wind for- 
mulae,  wind speeds were calculated on 
these charts and sections.   In startling 
similarity to the Gulf Stream picture, 
these calculations revealed that the flow 
configuration aloft, especially in the 
middle latitudes in winter, is suggestive 
of a broad stream of air meandering 
eastward around the hemisphere in wave- 
like patterns, with the energy of motion 
concentrated in narrow bands of high 
speed. 

In analogy with fluid dynamics, 
Rossby (Rossby 1947a,   Staff Members 
University of Chicago 1947) called the 
newly discovered current "jet stream". 
This name has been widely accepted, 
though its merits may be disputed.  Dur- 
ing the initial phases of research,   it 
seemed likely that there was a single jet 
stream around each hemisphere.    Fol- 
lowing extension of the sounding net- 
works in arctic and tropical regions, 
plus the advent of rawins, this simple 
picture had to be amended, especially in 



winter.    During that season we en- 
counter three distinct jet stream 
systems: 

1) The 'subtropical' jet stream, 
which marks the poleward limit of the 
trade wind cell of the general circula- 
tion; 

2) the 'polar front' jet stream, 
which is associated with the principal 
frontal zones and cyclones of middle 
and subpolar latitudes; and 

3) the 'polar night' jet stream, 
situated high in the stratosphere in 
and around the Arctic and Antarctic 
circles. 

Fig. 1. 2 shows the approximate lo- 
cation of subtropical and polar front 
jet streams in the northern hemisphere 
winter. 

While there may be other currents 
resembling jet streams at still higher 
altitudes, our knowledge about them is 
as yet too scant to warrant treatment 
in a textbook.    The discussion will be 
restricted to the three current sys- 
tems just mentioned.    Though they oc- 
cur in widely different geographic 
locations,   their basic structure is 
similar.     We shall begin with a de- 
scription of this basic structure. 



Fig. 1.1    Vertical cross section through the Gulf Stream off Chesapeake Bay, looking downstream.    Solid lines are lines of 
equal velocity of ocean current (cm/sec), depicting narrow high-speed core.    Dashed lines are isotherms (0C) 
portraying abrupt temperature drop from right to left across the Gulf Stream (adapted from Iseiin,  1936). 

Fig.  1.2   Mean axis of subtropical jet stream during winter (solid), and area of principal activity of polar front jet stream 
in this season (shaded). 



Chapter II 

Wind Structure of the Jet Stream 

The jet stream may be visualized 
as a core containing high wind veloc- 
ities, meandering around the hemi- 
sphere.    A description of its instan- 
taneous structure must take into 
account variations in all three dimen- 
sions.    Even casual acquaintance 
with high-altitude wind fields will 
show that this structure can be most 
varied.    Therefore only some basic 
features of jet stream structure and 
behavior can be depicted here.   The 
precise geometries of the examples 
in this and later chapters cannot be 
expected to apply rigidly in each in- 
dividual situation. 

Data Sources and Errors 

Observations used to determine 
the wind field of jet streams are 
radiosonde and rawin ascents, air- 
craft traverses and constant pres- 
sure balloons.   In the early days of 
jet stream research in the  1940's, 
wind measurements in the high tro- 
posphere were few.    Hence winds 
were calculated on constant pressure 
charts or vertical cross sections 
with the geostrophic or gradient 
wind formulae.    This approach was 
successful in providing a good gen- 
eral view, but it suffered from two 
drawbacks.    First, the approxima- 
tion formulae can be considered 
valid only within certain limits, and 
these limits depend on the particu- 

lars of a given situation.    Second, in 
order to calculate a wind,   two radio- 
sonde ascents are necessary.    The 
slope of a constant pressure surface 
between two stations gives the mean geo- 
strophic wind component normal to the 
line connecting these stations.     This 
component is subject to random and sys- 
tematic errors in radiosonde observa- 
tions,   usually cumulative with height. 
A calculated wind can be grossly in er- 
ror, especially if the distance between 
the two stations is small. 

Most examples in this text are based 
on direct wind determinations.   But wind 
as measured by any of the methods men- 
tioned is also subject to error.   Sources 
for such errors will be discussed in de- 
tail in Chapter X,    Moreover, there are 
real wind fluctuations on a scale smaller 
than that of the general jet stream en- 
velope.    The scale of these so-called 
striations, also referred to as 'noise', 
normally is an order of magnitude less 
than that of the general current.    In 
depicting broadscale jet stream aspects, 
these striations must be smoothed 
much as surface isobars must be 
smoothed in drawing surface weather 
maps for large areas.    This rule has 
been followed in the illustrations in 
this text.    However, isotachs (lines of 
equal wind speed) generally have been 
kept within twenty percent of reported 
speeds; and temperatures within 
1-20C of reported temperatures. 



Highest Wind Speeds in Jet Streams 

An observation of high wind speed 
does not by itself warrant use of the 
term 'jet stream".   It is necessary 
for large vertical and horizontal 
shears to exist which limit vertical 
and lateral extent of strong winds, 
in order for a 'core' to exist.   More- 
over,   the word 'stream' implies that 
the core must possess considerable 
length. 

For the sake of definition,   the 
World Meteorological Organization 
(1958) has proposed the following 
description:   'Normally a jet stream 
is thousands of kilometers in length, 
hundreds of kilometers in width and 
also some kilometers in depth.   The 
vertical shear of wind is of the or- 
der 5-10 m/sec per km and the lat- 
eral shear is of the order 5 m/sec 
per  100 km.    An arbitrary lower 
limit of 30 m/sec is assigned to the 
speed of the wind along the axis of a 
jet stream. ' 

This definition, based on experi- 
ence with upper-air charts,   by no 
means requires extraordinary core 
speeds in order for a wind system 
to be called a jet stream.   Central 
speeds of 60-100 knots are com- 
mon in tropical jet streams, both 
easterly and westerly, and in 
higher latitude currents during 
summer.   Core speeds of 120-150 
knots are frequent in subtropical 
and polar jet streams of winter. 
Qualitatively, a middle latitude jet 
stream of winter may be considered 
'strong' when winds in the core ex- 
ceed 150 knots.    Currents with 
speeds in excess of 200 knots are 
likely to occur over North America 
at least several times during a win- 
ter season; over eastern Asia such 

speeds are much more common. 
There are a few valid observations of 
winds in excess of 250 knots, but all 
reports received so far of wind speed 
above 300 knots have proved errone- 
ous.    It is probable that the upper 
limit of core speed lies near 300 knots, 

If one visualizes a current with di- 
mensions as given by the definition of 
the World Meteorological Organiza- 
tion, he finds that the jet stream can 
be likened to a thin, narrow ribbon. 
A system with such a shape cannot be 
portrayed on true scale on vertical 
cross sections where a description of 
vertical and horizontal gradients is 
desired.    On such sections the verti- 
cal distance is always exaggerated, 
usually about 100:1.    This scale dis- 
tortion must be borne in mind when 
cross sections are examined. 

Vertical Wind Structure 

Fig. 2. 1 portrays the vertical 
profile of wind speed in a strong jet 
stream moving toward the North 
American continent from the Pacific 
(cf.   fig. 2. 11),    As is common in 
practically all soundings through jet 
streams, the wind direction was 
practically constant with height.   The 
wind speed increased fairly steadily 
in the low and middle troposphere, 
more rapidly in the high troposphere; 
there shears reached 50 knots in 
5, 000 feet.    The maximum wind was 
wexl defined, with the height of the 
level of strongest wind near 35, 000 
feet.   Just above the core the shear 
was even greater than below, and this 
holds for the majority of wind pro- 
files, though not for all.    As yet it is 
uncertain how large vertical shears 
can become.   But at times quite ex- 
traordinary soundings are encoun- 
tered,   for instance on 1 April 1953 



over Puerto Rico (fig. 8. 16).    Though 
the current was relatively weak on that 
occasion, the shear approached 80 
knots in 4, 000 feet. 

In middle latitudes shear and max- 
imum wind are often correlated; the 
stronger the jet stream, the stronger 
the vertical shears above and below 
the core.   From an extensive survey of 
rawin ascents over the United States, 
Endlich et al (1955) developed a model 
relating strongest speed and shears 
(fig. 2. 2).    The sharp peak at the level 
of strongest wind must not be taken 
literally; it is meant merely to em- 
phasize a rapid transition from one 
regime of shear to another. 

Reiter (1958) has approached jet 
stream representation from a some- 
what different viewpoint.   Because of 
real small-scale fluctuations, there 
is no guarantee that the precise shape 
of soundings as reproduced in fig. 2. 1 
is representative of more than the 
immediate vicinity of the location 
where the balloon ascended,   even 
without inaccuracies in sounding eval- 
uation.   Such errors, however, must 
also be taken into account when as- 
sessing the representativeness of an 
ascent.   Some of the uncertainty can 
be eliminated by performing a verti- 
cal integration and defining a 'layer 
of maximum wind1 (LMW).    This layer 
may be assigned a speed, direction, 
thickness and mean altitude. 

Quantitative definition of the LMW 
is arbitrary.   Reiter defined the thick- 
ness of the layer as the vertical dis- 
tance over which speeds exceed 80 per- 
cent of the highest speed on the pro- 
file, and he chose a wind speed equal 
to 90 percent of the value of the max- 
imum as a representative wind speed 
for the layer.    Other definitions can 

of course, be formulated, but it was 
found that a broader definition would 
lead to thicknesses so great that the 
jet stream core becomes obscured. 
Even so the thickness in the Seattle 
sounding, represented by the vertical 
line in fig. 2. 1, was nearly 10, 000 
feet. 

Reiter also computed the average 
decay of -wind speed above and below 
the jet core, and found that the wind 
in the mean decreases to 50 percent of 
peak speed about 5. 5 km below and 5 
km above the core (fig. 2. 3).    The peak 
in this diagram also must be regarded 
as merely schematic.   Usually it is 
difficult to ascertain the actual sharp- 
ness of a peak from teletype messages, 
but there appears to be some correla- 
tion between peakiness and the thick- 
ness of the LMW.    When the depth of 
the layer is shallow, the peak tends to 
be more prominent than in deep cur- 
rentsCCx^.a.'-O. 

Arakawa (1956) has prepared a re- 
markable scatter diagram of soundings 
taken at Tateno, Japan, which is a little 
north of Tokyo.   Mean winter Jetstream 
speeds over Japan are perhaps the 
highest in the world and the direction 
is largely westerly.    Hence the balloons 
were released at a site 88 km west of 
Tateno and followed from there and 
from Tateno.    The balloons could be 
tracked successfully at Tateno after 
the evaluation angle at the release site 
had become too small.    This arrange- 
ment diminished the problem brought 
about by low elevation angles in deter- 
mining wind speeds (Chapter X),   so 
that Arakawa's diagram (fig. 2. 5) may 
be accepted as giving an excellent por- 
trayal of the mean jet stream struc- 
ture.    The mean altitude of the core 
was near 12 km with speed of about 170 
knots; shears average 70 kn/5 km 



below and 80 kn/5 km above the level 
of maximum wind. 

Lateral Wind Profiles 

If a high-velocity current is to be 
entitled 'jet stream', it must possess 
strong lateral shears in addition to 
strong vertical shears; otherwise one 
cannot speak of a core of high energy 
flow in relatively quiescent surround- 
ings.    Lateral wind profiles are usually 
determined on constant pressure 
charts, although these are not strictly 
horizontal.    For aircraft flying at 
constant pressure-altitude, it is this 
type of wind profile that is most im- 
portant. 

Rawin observations and aircraft 
traverses have yielded a wide spec- 
trum of lateral velocity profiles. 
Variation is greater on the cyclonic 
than on the anticyclonic shear side 
where there is a quasi-limiting con- 
dition which is rarely exceeded, 
namely that the absolute vorticity 
should not be negative.    The back- 
ground for this condition will be ex- 
plored further in the last chapters. 
At present it will suffice to note that, 
except in strongly curving currents, 
the relative vorticity is determined 
mainly by the shear.    To the left of the 
jet axis,   looking downstream,   the re- 
lative vorticity is cyclonic and thus 
the absolute vorticity exceeds the 
Coriolis parameter.    To the right of 
the axis the relative vorticity is anti- 
cyclonic and the absolute vorticity is 
smaller than the Coriolis parameter. 
The limit is reached when the anti- 
cyclonic shear attains the value of the 
Coriolis parameter which happens 
frequently.    Through the control of 

.    dynamic factors the extreme wind 
profile to be expected on the anticy- 
clonic side is stabilized. 

Fig. 2. 6 contains profiles of wind 
speed normal to the jet axis for the 
current described in figs. 2. 11-12. 
Both profiles intersect the axis near 
the location of strongest wind along the 
axis as closely as the strongest wind 
can be found.    To the right of the axis 
the mean shear over 300 miles was 80 
knots, hence the relative vorticity - 
0. 8 x 10"4 sec"   ,   a little smaller 
than the Coriolis parameter.    On the 
left side the mean shear over the same 
distance was  100 knots which equals 
the Coriolis parameter.    This feature, 
that the shear to the left of the axis 
exceeds the shear to the right, is ob- 
served in most instances on constant 
pressure surfaces. 

The profile for 22 April intersected 
the jet stream center almost exactly 
(fig. 2. 12), indicating that the current 
weakened from the preceding day.   The 
shears, however, did not change in the 
core, so that the profile had the same 
shape as on 21 April, but with reduced 
central speed. 

Various attempts have been made to 
compute regression equations for the 
shape of the wind profile on both sides 
of the axis; these could be used as an 
aid in isotach analysis and in central 
wind estimates given only sparse wind 
data on the periphery of a current. 
Results of such computations have 
proved only of limited value because of 
the   -ariety of wind structures encoun- 
tered.    Endlich and McLean (1957) have 
prepared profiles for several types of 
jet streams from research flight data. 
For purposes of comparison, all winds 
were expressed in percent of the 
strongest speed for each profile  (fig. 
2. 7).    Reiter (1958) used the same 
technique to determine the shears in 
the Layer of Maximum Wind (fig. 2. 8) 
for strong jet streams.    According to 

8 



the slope of the lines in this diagram, 
the central speed will be four times as 
large as it is over a station situated 350 
n.   miles to the left of the axis and 2. 3 
times as large as the speed over a sta- 
tion situated a similar distance to the 
right of the axis.   Since these are mean 
shears in a sample with large scatter, 
they can only serve as a rough guide. 

Several aircraft traverses through 
strong jet streams made by the United 
States Navy and by British aircraft in 
middle latitudes produced profiles 
(fig. 2, 9) which on the cyclonic side were 
considerably stronger than the mean pro- 
files,  with a doubling of speed per 160 
km toward the jet axis  (Riehl,   Berry 
and Maynard 1955).   Shears approaching 
or even slightly exceeding this value 
have been noted also by Endlich and 
McLean,  but it is probable that the curve 
of fig. 2. 9 essentially indicates maximum 
shears to be expected.   On the anticy- 
clonic side the shears given by these 
aircraft traverses were equal to the 
Coriolis parameter close to the jet axis 
and decreased slowly with distance from 
the core. 

On many occasions the wind speed 
ceases to weaken outward from a jet 
axis and may even start to increase 
again.   This indicates that the limit of 
the particular current has been reached 
and that the profile has been extended 
into an area of uniform flow or under 
the influence of another jet stream. 

Horizontal View 

Until very recently,   a convenient 
way to  find jet   streams   on high- 
tropospheric constant-pressure charts 
consisted in locating the areas without 
wind reports.   Due to distance of the 
balloons from the observing sites, winds 
could not be computed in the high- 

velocity region of the upper troposphere, 
though radiosonde signals were still 
being received clearly.   Fortunately, 
instrument improvements are over- 
coming this problem,   though at the 
time of this writing there are still 
many situations over North America 
where the wind most needed to describe 
a jet stream core is missing.   Never- 
theless,   a fair approximation of the 
jet stream envelope can usually be 
drawn over the continent and in several 
other regions of the world. 

If this chapter were to contain 
merely samples of all of the most im- 
portant jet stream configurations and 
their evolution with time,   a huge set 
of illustrations would be needed.   The 
reason for this lies in the fact that 
there are variable wind shears and 
curvatures along the jet axis of jet 
streams in addition to the vertical and 
lateral shears just discussed.   Jet 
stream intensity and shape undergo 
changes with time. 

A current usually is not continuous 
around the hemisphere in middle lati- 
tudes,   but has a beginning and an end. 
The length of a well-developed current 
is generally several thousand miles. 
Hence,   within the station network over 
North America we may observe the 
front or tail end of a jet stream,   but 
rarely both ends of the same current. 
At times,   the data suffice to depict the 
front end of one current and the tail 
end of another one.   This happened dur- 
ing the period 20-22 April 1958, illus- 
trated in figs. 2. lOff. 

On the first day of this period 
(fig. 2. 10) the evidence points to a 
region of highest speed near the north- 
western coast of the United States or 
in the eastern Pacific.   Lack of data 
over the ocean precludes extension of 



the detailed analysis in this direction. 
The jet stream axis,  which will be de- 
fined as the axis along which the highest 
wind speeds are found,   extended south- 
eastward from the state of Washington 
toward New Mexico with gradually di- 
minishing speeds.     Over Texas and 
Oklahoma there was no jet stream at 
300 mb,   substantiated by the dense 
station network in that area.   There is 
some indication of another jet stream 
over Labrador; its roots can be traced 
southwestward to Nebraska,   though this 
extension of the analysis is somewhat 
tenuous. 

Streamlines have not been drawn in 
fig. 2. 10 for clarity of presentation, but 
there are enough winds to demonstrate 
that the flow over North America exec- 
uted a fairly regular sinusoidal oscilla- 
tion,  with ridges near both coasts and 
a trough in the middle of the continent. 
Highest speeds,  therefore,  were located 
in the ridges,   and the jet stream was 
discontinuous across the trough.   The 
air lost kinetic energy in the north- 
westerly flow and gained kinetic energy 
when moving from southwest.   This 
happens frequently though not always. 
At times,   the strongest speeds will 
occur in trough/s,   though from experi- 
ence it appears that high velocities 
occur in ridges more often than in 
tr oughts. 

Note that a third current,   the sub- 
tropical jet stream,   is weakly indicated 
over Florida-Cuba.   The core of this 
current is normally located at a higher 
altitude than that of the middle latitude 
jet streams,   so that the subtropical jet 
stream tends to be far more pronounced 
on 200-mb charts. 

On 21 April (fig. 2. 11) speeds on the 
west coast rose to the highest of the 
series,   indicating that the center of the 

jet stream was on the coast.   Such contpr 
centers of strongest speed along an axis 
will be called 'high-speed centers'.   The 
maximum 300-mb speed was   185 knots 
at Tatoosh Island,   but this wind does 
not appear to fit with those of Seattle 
and Portland.   Examination of the 
Tatoosh message revealed that a speed 
of 205 knots was reported at 33, 000 
feet and that thereafter the wind was 
not reported at several standard levels, 
to be resumed at much higher altitudes. 
This report was therefore assessed as 
somewhat unreliable and has been mod- 
ified in the analysis. 

Wind speeds also rose over the 
Rockies along the axis,   and the axis 
itself was displaced eastward by about 
5°  longitude over the central and south- 
ern Rockies.     The   lateral shear was 
fairly uniform on the anticyclonic  side 
of the axis decreasing slowly down- 
stream.   On the cyclonic side the shear 
was more variable,  with very large 
values just north of the high-speed 
center,   also decreasing downstream. 

The amplitude of the streamline 
configuration increased from the pre- 
ceding day.   The pattern was no longer 
of a symmetrical wave type but featured 
a sharp trough elongated NNW-SSE. 
Coincident with this change a remark- 
able strengthening occurred in the 
southwesterly jet stream farther east, 
though it remained separated from the 
western current by an area of slow 
motion over the southern United States. 
Shears in this current were very strong 
on both sides of the axis,   especially on 
the cyclonic side; this agrees with 
Dickson's suggestion (1955) that shears 
often are strongest upstream from high- 
speed centers where the air gains 
kinetic energy. 

In fig.-2. 11 the wind vectors diverge 
downstream along the northwesterly 
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axis and they converge along the south- 
westerly axis,   at least south of the 
Great Lakes.   Such fanning and contrac- 
tion occurs many times when marked 
velocity gradients exist along an axis. * 
This indicates that the flow tends to be 
geostrophic and non-divergent,   though 
of course a completely geostrophic cur- 
rent is impossible in regions where air 
accelerates or decelerates.   The stream- 
line patterns have given rise to descrip- 
tive terminology: one speaks of the re- 
gion upstream of a high-speed center 
as entrance or confluence zone,   of the 
region downstream as exit or difluence 
zone. 

Fig. 2. 11 marks the high point of the 
development.   By 22 April (fig. 2. 12) 
the western high-speed center hadpass- 
ed inland with diminishing intensity. 
Winds   in the   Pacific  northwest 
especially  at   Tatoosh,    Seattle   and 
Spokane.   In this region the jet axis drop- 
ped southward while still advancing to- 
ward the east over the Rockies.   The 
'nose' of the current apparently made 
contact with the subtropical jet stream 
over the Gulf of Mexico,   and this re- 
sulted in the appearance of strengthen- 
ing southwesterly winds over the south- 
eastern United States.   The center of 
the southwesterly jet passed off into the 
area of sparse data in Canada,   but avail- 
able winds indicate that it,   too,   lost 
intensity. 

Layer of Maximum Wind: The preceding 
series of charts brings out the highly 
variable character of jet streams,   and 
their growth and decay as it occurs in 
middle latitudes.   Of course,   the situa- 

*Examine,   however,   the chart for 26 
December 1958 (fig. 10. 12) where stream- 
lines did not converge in spite of a large 
downstream increase in windspeed. 

tion often is not as complicated as in 
this instance; in areas such as the sub- 
tropics day-to-day variations in current 
structure are much smaller.   On the 
other hand,  winds at 300 mb or at 
another high-tropospheric constant- 
pressure surface in many cases pro- 
duce an impression of velocity dis- 
tributions much more complex than 
actually present.   This is again due to 
the 'noise' of rawin ascents,   both real 
and caused by ascent evaluation tech- 
niques.   The current of figs. 2. 10-11 
was so strong that the observational 
noise did not obscure the approximate 
position of the axis and the wind dis- 
tribution along the axis.   But in many 
weaker situations the noise will suffice 
to destroy the coherence of a chart; one 
obtains the impression that many minor 
jet 'fingers' are present. 

In order to decide on the reality 
of such fingers and to obtain analyses 
which are as stable and reliable as 
can be produced,   it will again be of 
value to work with data integrated over 
a layer of limited depth.   This is readi- 
ly accomplished by plotting charts of 
the LMW.   Analysis of such charts en- 
ables one to follow the core whose alti- 
tude may vary along the axis so that it 
'cuts'up or down through constant pres- 
sure surfaces.   Actually such height 
variations occur; the amount of vertical 
oscillation is quite variable but it aver- 
ages only 1 km (about 30 mb) over a 
distance 1000 km upstream and down- 
stream from a high-speed center.   This 
is a small vertical displacement, often 
within range of error in draw^ing charts; 
it is much less than the average thick- 
ness of the LMW.   Other evidence in- 
dicates that the core tends to be lower 
in troughs than in ridges. 

Fig. 2. 13   illustrates the LMW 
analysis for 21 April;  on this occasion 
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the height variation of the core was 
indeed small and highest speeds,   as far 
as can be determined,  were located 
where the altitude of the axis was lowest. 
Propagation and weakening of the west- 
ern  high-speed  center is well  demon- 
strated by comparison of figs. 2.13 and 
2. 14.   In addition,   fig. 2. 14 reveals that 
marked strengthening of the subtropical 
Jetstream occurred in the 24-hour inter- 
val.   This could not be observed from 
figs. 2. 11-12 because the subtropical 
jet stream,   as is common,   was centered 
near 200 mb and was only weakly re- 
flected at 300 mb. 

Kinetic energy: As evident from the 
LMW analyses,  wind speeds over the 
western United States decreased down- 
stream along the jet axis from the coast, 
especially on 21 April.    The high-speed 
center itself propagated at 30 knots on 
21-22 April,  while the speed of the air 
exceeded 100 knots over the greatest 
portion of the axis.   Hence the isotachs 
of the LMW moved much more slowly 
than the wind,   and it follows that indi- 
vidual air parcels moving in the jet 
stream decelerated.   Apart from friction, 
the  mechanism  for   deceleration is 
motion toward higher pressure or 
greater heights on constant-pressure 
surfaces.   For demonstration of such 
cross-isobar flow it would be necessary 
to establish the angle between stream- 
lines and contours.   This is difficult 
because the angel is normally small at 
high wind speeds. 

The simple scheme of fig. 2. 15, 
however,   regularly holds in case of a 
pronounced high-speed center with large 
gradients of wind speed along the axis 
(Riehl 1954a).   This figure contains 300 
mb contours for 21 April and the jet 
stream axis from fig. 2. 11.   The western 
axis crossed contours from low to high 
heights,   looking downstream; the east- 

ern axis from high to low heights.   Novv 
a jet stream is not a streamline or a 
trajectory,   but normally the wind blows 
nearly parallel to a well-marked axis 
as in fig. 2. 11.   Moreover,   the air 
moved very rapidly; on 21 April it pass- 
ed from the west coast to Texas in 6 
to 8 hours. 

For a first approximation,  we may 
try the assumption that the axis approx- 
imates a trajectory and that the map 
may be considered nearly stationary 
for the few hours during which the air 
crossed the mountains.   Then stationary 
Bernoulli flow prevails and the velocity 
gradient along the axis may be comput- 
ed for frictionless flow.   Loss or gain 
of kinetic energy is proportional to the 
contour interval crossed by the axis 
as explained in more detail in Chapter 
XII,   which also contains an accelera- 
tion nomogram (fig. 12. 11).   Usingthis 
nomogram a decrease of speed from 
170 knots to 90 knots should occur 
along the northwesterly current,   and 

^a«<i-increase from the 60-knot isotach 
to 130 knots over Lake Michigan along 
the southwesterly current.   These incre- 
ments correspond quite well to the ob- 
served ones.   Hence,   for a rough guide 
the axis may be treated as atrajectory 
in situations with well marked currents, 
and the calculation will aid in estimat- 
ing central speeds. 

Vertical Cross Sections of Wind 

The view of the wind field is com- 
pleted by examining vertical cross 
sections,   illustrated for 22 April 1958, 
in fig. 2. 16.   Some of the plotted ascents 
are a little ragged at high levels due 
to difficulties in reading elevation 
angles or due to small-scale wind fluc- 
tuations.   Nevertheless,   all winds have 
been plotted as reported,   but the ana- 
lysis is slightly smoothed.   Unfortunately 
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the critical Denver (469) wind termi- 
nated at 300 mb,   so that there is no 
precise way of placing the core. Failure 
of an important sounding is the rule 
rather than the exception in strong jet 
streams.   When this happens,   the ana- 
lysis can often be solidified with inter- 
polation from an earlier or later sound- 
ing.   According to fig. 2. 17 the wind at 
200 mb still exceeded 140 knots  12 hours 
after the time of fig. 2. 16,   although the 
lower winds j&di started to decline as 

the high-speed center moved eastward. 
It appears reasonable to assume a cen- 
tral wind near 160 knots for fig. 2. 16. * 
"With this interpolation the core struc- 
ture is determined.   The level of strong- 
est wind sloped downward across the 
jet axis from southwest to northeast to 
a point about 200 miles north of the 
axis; then it rose again.   The  'root' of 
the jet stream extended downward to the 
middle troposphere where it can be re- 
congnized weakly at 500 mb. 

*For quantitative techniques of vertical extrapolation of wind soundings see Chapter X. 
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Seattle , April 21,1958, 002 

DO 280-290° 
above  12,000ft 
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Fig. 2.1   Vertical wind profile at Seattle, Wash. 
21 April 1958, 00Z. 

Fig. 2.2   Model of variation of vertical wind 

profiles with jet speed (Endlich, 
Solot and Thur 1955). 

Wind speed  (% of moximum) 
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Fig. 2.3   Average percent decrease of wind- 

speed above and below level of 
maximum wind (Reiter 1958). 
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Fig. 2.4   Model of vertical distribution of 

windspeed assuming that 45 
percent of thickness of layer of 

maximum wind lies above jet 
axis and 55 percent below. 

Solid line as in fig. 2.3; dash- 
dotted:    LMW thickness 2200 m; 
dashed:    LMW thickness 
5000 m.   (Reiter 1958). 
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Fig. 2.7   Profiles of distribution of wind 

speed (in percent of core speed) 
for different types of jet streams 

encountered by Project Jet Stream 
of the U. S. Air Force (Endlich 

and McLean 1957). 

Fig. 2.5   Scatter diagram of vertical 
wind distributions 
observed at Tateno, 
Japan (Arakawa 1956). 

300mb   April 21-22,1958 
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Fig. 2.8   Distribution of windspoed in 

layer of maximum wind normal 

to jet axis for strong jet streams, 

expressed in terms of the ratio 

of core speed to the speed at 

any station (Reiter 1958). 

Fig. 2.6   Profiles of windspeed 
normal to jet axis at 300 
mb over western United States. 
Center of profile taken in 
highspeed center just east 
of Pacific coast on 21 April 
(fig. 2.11); cross-section 

outlines for 22 April in 
fig. 2.12. 
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Fig. 2.9   Percent decrease of windspeed normal 
to jet axis to left of core looking 

downstream for several strong jet 
streams obtained by United States and 

British research aircraft (Riehl, 
Berry, Maynard 1955). 

Fig. 2.10   300-mb winds, 20 April 1958, 00Z.   Solid lines are i<?t stream axes, isotach analysis in knots, 
S denotes slow areas. 
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Fig. 2.11   300-mb winds, 21 April 1958, OOZ.     Dashed line is previous jet axis position. 
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Fig. 2.12    300-mb winds, 22 April 1958, OOZ, and layout of cross-section   for fig. 2.16. 
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^100 
I ?5 

Fig. 2.13   Layer of maximum wind chart, 21 April  1958,   00Z.    Wind arrows with barbs denote complete LMW winds. 
Height of LMW (1000's feet) entered to right of wind arrows, thickness of LMW <1000's feet) underneath. 
Open arrows indicate incomplete wind sounding, then letter T (top) Is entered and height of top of 

sounding (1000's feet); or complete sounding without LMW.    Speed entered in rear of arrow;  B denotes 
barotropic sounding with nearly uniform speed; a height (1000's feet) at head of sounding indicates 
level of maximum wind. 
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Fig. 2.14   LMW chart, 22 April 1958,   OOZ. 
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Fig. 2.15   300-mb contours (100's feet) 21 April 1958, 00Z,   and jet axes from fig. 2.11. 

Numbers along axes denote observed windspeeds at the indicated points. 
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Fig. 2.16   Vertical cross section of windspeed (knots) along the line indicated in fig. 2.12 over western United States. 
International index numbers used for stations.    Dash-dotted line is level of maximum wind. 
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Fig. 2.17   Vertical wind profiles at Denver, Colorado, 22 April 1958, 0000Z and 1200Z. 
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Chapter III 

Thermal Structure of the Jet Stream 

Thermal Wind 

The vertical wind structure of jet 
streams normally is related to the hori- 
zontal temperature in a definite way. 
This occurs because the atmosphere is 
nearly hydrostatic and winds tend to be 
geostrophic.   Although it was stated at 
the opening of the last chapter that 
geostrophic calculations can lead to 
erroneous results,   it is nevertheless 
true that they yield a good first approx- 
imation to the wind when applied with 
adequate safeguards in broad currents 
which do not curve too strongly. 

We shall consider at first the west- 
east component of motion.   The geo- 
strophic wind^UgS  when computed on an 
isobaric surface,   is given by 

u„ = 
g/Bh\ 

g - -T\dY/p (1) 

where g is the acceleration of gravity, 
f the Coriolis parameter,   h the height 
of an isobaric surface^and y a horizon- 
tal coordinate,   normal to and increasing 
toward the left of Ug (i. e.   northward). 
When equation (1) is differentiated with 
respect to height (z) and the hydrostatic 
relation is introduced,   one obtains the 
well known geostrophic- thermal wind 
equation^ 

3z fT m„ (2) 

where T is temperature.   This formula 
specifies the connection between wind 

and temperature fields; it says that 
when the west wind increases with 
height the temperature must decrease 
from right to left,   looking downstream, 
across the layer with positive shear. 
Conversely,   given a cold reservoir^ 
such as the polar region/surrounded by 
the warm equatorial air,   the wind 
encircling the cold reservoir,   i. e.   the 
west wind,  will increase upward. 

So far the statement is general and 
applies to any vertical wind profile in 
a geostrophic and hydrostatic field. 
The speed of a westerly jet stream is 
obtained by integrating the thermal 
wind equation from the ground to the 
top of the layer with poleward directed 
temperature gradient,   that is,   to the 
tropopause region,   Ttve ec\oa£»o^   v& 

BTX 
u. u = - 

o fT 37 
H, (3) 

where Ui   is the westerly jet speed,   u0 

the surface wind speed.and H the level 
of maximum wind.   Often the surface 
wind can be neglected compared to the 
jet stream speed; then u- may be com- 
puted from the horizontal gradient of 
the mean tropospherictemperature T 
alone.   If so,   the ,shear across the cur- 
rent is given by 

3u. 
 I 

By 

g  /B^T 

fT 
H, (4) 

where a constant height of the level of 
maximum wind has been assumed and 
the computation is restricted to a 
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limited belt,   so that the variation of 
Coriolis parameter with latitude may be 
neglected.   Usually the wind direction 
varies very little with height through 
jet streams,   as already brought out. 

In the lowest 300 mb,   marked 
turning of wind with height is very com- 
mon.   If,   however,   the lateral shears in 
this lower layer are small and can be 
neglected in comparison with the shears 
in the jet,   equations (4) and (5) may be 
generalized for winds of arbitrary direc- 
tion.   Given VTT as the geostrophic speed 
at height H and n as the co-ordinate 
normal to VTT, 

dn 
H= --& H (5) 

The tropospheric temperature gradient 
must have a maximum at the jet axis 
where  dV^/dn = 0.   Lateral 'packing' 
of isotherms is strongest under the jet 
axis where then the major fronts may 
be expected to be situated; the isotherm 
concentration weakens outward from the 
axis in both directions.   Because of the 
decrease of Coriolis parameter toward 
the tropics,   a weaker temperature field 
will balance a jet speed profile there 
than in middle and high latitudes. 

A thickness analysis for  the layer 
1000-300 mb or 1000-250 mb is best 
suited to represent the T field.   But 
the isotherms on some constant pres- 
sure surface in the middle of the layer, 
say 500 mb,   often will serve as good 
qualitative indicators.   Isotherm analysis 
at 500 mb,at times;has led to spectacular 
results,   as in fig. 3. 1.   There a major 
fraction of the equator-to-pole tempera- 
ture gradient is concentrated in a nar- 
row meandering 'ribbon' which encircles 
the globe,   often referred to as the polar 
front at 500 mb. 

The concentration of the tempera- 
ture contrast and its relation to the jet 
stream core is well brought out by 
fig. 3. 2,   one of the earliest cross sec- 
tions through a jet stream,   drawn by 
Palmen (1948).   Besides the main polar 
front,   this diagram shows a subsidence 
inversion in the subtropics,   a second- 
ary polar front and an arctic front. 
These features are only of minor im- 
portance for the broad configuration of 
the temperature field. 

The jet stream core in fig. 3. 2was 
situated at the altitude where the me- 
ridional temperature gradient reversed. 
From hydrostatic considerations,   this 
must be the level where the slope of 
isobaric surfaces will be strongest. 
The diagram,   of course,  was computed 
with the geostrophic assumption,   hence 
jet stream core and level of reversal 
of temperature gradient coincide of 
necessity.   Wind measurements col- 
lected since that time have confirmed 
the general validity of the relations 
apparent in fig. 3. 2.   One can make a 
fair estimate of the core altitude given 
only temperature data. 

From cross sections such as 
fig. 3. 2,   Palmen concluded that one can 
often assume a jet stream core to lie 
above the intercept of strong polar 
fronts with the 500 mb surface.   This 
rule,   of course,   is meant as a general 
guide only.   If a leeway of about 200 
miles is permitted,   it can frequently 
be applied with success.   Chapter VIII 
contains illustrations of a jet stream 
over North America during 16-18 
November 1958; in this instance the 
rule worked well indeed.   On the other 
hand,   not all surface fronts are con- 
nected with jet streams because the 
airmass contrast may be confined to a 
shallow layer.   Nor do jet streams in- 
variably have fronts underneath them; 
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they may cross the 500 mb temperature 
concentration when the latter is not very 
strong,   as occurred in the 21 April 1958 
situation  (fig. 3. 8).   Jet stream and polar 
front may be associated along a portion 
of the jet stream axis only.   Extreme 
cases have been described (Newton 1954) 
where front and jet stream were coupled 
on one cross section normal to the cur- 
rent and where only a frontless baro- 
clinic zone could be detected above 700 
mb as little as 500 km downstream from 
the first section,  while the jet stream 
approximately retained its shape and 
intensity.   Separation of the whole baro- 
clinic field of the troposphere into a 
lower portion associated with a surface 
front,   and an entirely separate entity 
associated with the jet stream,   can at 
times be demonstrated in a spectacular 
manner (Riehl 1948)  (fig. 3. 3).   In such 
cases there are no inversions or stable 
layers on the soundings in middle and 
upper troposphere,   and it is not satis- 
factory to force a simple frontal con- 
struction on the whole field by drawing 
two heavy lines enclosing the whole 
baroclinic layer. 

Finally,   in low latitudes and also in 
middle latitudes in summer,  the tem- 
perature field up to 500 mb may be quite 
indifferent; yet a strong jet stream can 
exist with center near ''OO-uO mb in 
association with thermal gradients con- 
fined to the upper tropob^here. 

The geostrophic thermal wind rela- 
tion,   in spite of its value in most types 
of flow fields,   connot be expected to 
perform well in all circumstances. 
Where the flow is strongly accelerated, 
marked deviations will occur (Newton 
and Carson 195 3).   This happens pre- 
dominantly in fields with large curva- 
ture of flow,   especially when the curva- 
ture is anticyclonic.   When a jet stream 
winds around a narrow ridge of great 

north-south extent,   geostrophic depar- 
tures can become extreme.   For illustra- 
tion,  we shall consider a simple case, 
gradient flow without change of wind 
direction with height.   The balance of 
forces is then given by 

2 ah 
V-   +fV = - g giT. 

(6) 

where V is the windspeed and R the 
radius of trajectory curvature,   taken 
positive when cyclonic.   The gradient 
thermal wind is 

&1 g 

f+ 2V 
R 

SI T 
8T 
an 

(7) 

Given V = 30 m/sec and R = -1500 
km,   2V/R = -0. 4 x 10-4sec"1 ornearly 
half the value of the Coriolis parameter 
at latitude 40   ,   following Newton and 
Carson.   The computed geostrophic 
shear would give only half the acutal 
vertical shear or,   conversely,   strong 
vertical shears can occur in very weak 
temperature fields.   For V = 50 m/sec, 
R = -1000 km,   2V/R = - 10-4sec-iand 
the whole calculation breaks down. 
When R is cyclonic,   the situation is not 
nearly so critical.   The geostrophic 
shear overestimates the actual shear, 
but since the two terms in the denom- 
inator are then additive,   the error is 
generally not serious. 

Stratospheric Temperature Field 

From the geostrophic formula,   the 
slope of isobaric surface must decrease 
above the level of strongest wind,   given 
approximately balanced flow.   Consid- 
ering the thermal wind relation,   this 
means that colder air must be located 
to the right than to the left of the jet 
stream axis,   just the opposite from the 
troposphere.   Such reversal of 
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temperature gradient with height is 
indeed necessary if winds reach a peak 
value at some altitude and if they are 
nearly geostrophic. 

Fig. 3. 2 and all jet stream analyses 
thathavebeen made, verify the existence 
of the temperature reversal.   For a 
striking illustration,   the 200 mb tempera- 
ture distribution of fig. 3. 2 has been put 
into graph form in fig. 3. 4 The cold 
layer south of the jet axis and the warm 
layer to its north are clearly evident. 
A further remarkable fact is apparent, 
typical of most cases,   that the warm 
band north of the jet stream core in the 
low stratosphere did not extend to the 
pole,   and that the cold band south of the 
axis did not reach to the equator.   This 
furnishes undisputable proof that the 
low-stratospheric temperature field in 
middle latitudes cannot be explained as 
due to advection of a warm arctic strato- 
sphere from the polar zone and a cold 
tropical sub-stratosphere from the equa- 
torial belt.   High-level aiijbiasses of the 
type found south of the jet stream in 
middle latitudes near 200 mb in winter 
do not exist at this level near the equator 
It  follows that the temperature distri- 
bution above the jet stream core is pro- 
duced dynamically through vertical 
motion—ascent south and descent north 
of the core. 

Tropopause Structure:   Since the level 
of reversal of the temperature field 
often coincides with the tropopause, 
attempts have been made to locate the 
level of strongest wind from tropopause 
analyses.   This has proved a difficult 
undertaking.   The tropopause often lies 
above the level of maximum wind 
(fig. 4. 5),   hence it is not a perfect core 
indicator (Endlich and McLean 1957). 
Besides,   tropopause analysis is very 
complicated because a single and simple 
tropopause is only rarely observed in 

middle latitudes; more often,   the tropo- 
pause is ill defined or there is a multiple 
structure,   and many assumptions and 
definitions of an arbitrary character are 
needed in drawing tropopause fields. 
Nevertheless,   it is of interest that a 
tropopause 'gap' is apparent infig. 3. 2>'3'c>>&J^^' 
North of latitude 50° we observe a 
'polar' tropopause,   in this case located 
near 300 mb but occasionally found at 
400 mb or even lower.   Another tropo- 
pause,   just south of the jet center, 
appears near 200 mb.   This tropopause, 
with a characteristic potential tempera- 
ture of 330-335oA,   is not the 'tropical' 
tropopause of classical description but 
a middle latitude feature produced in 
connection with the jet stream through 
ascent equatorward of the axis as just 
deduced from the 200 mb temperature 
field.   The tropical tropopause occurs 
in figs. 3. 2-3 and in fig. 3. 6 at much 
higher altitudes. 

In recent years various authors 
have modified tropopause analyses as 
shown in fig. 3. 2.   They have connected 
the polar tropopause with the lower 
boundary of the polar front,   also the 
middle latitude tropopause with the upper 
boundary of the front.   The reasons for 
such constructions are not always easy 
to follow.   Fortunately,   it appears un- 
necessary to discuss these analyses 
further in the context of jet stream de- 
scription.   The uncertain portion of the 
analyses is located just in the boundary 
between troposphere and stratosphere 
where lateral temperature gradients are 
very weak andwhere,   therefore,   the 
placing of boundary lines will have little 
effect on mass and wind computations. 

Vertical Cross Sections 

Mean cross sections:    The temperature 
errors in any given sounding may dis- 
tort a cross section considerably at 
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times and render wind calculations 
worthless.   In order to eliminate these 
errors as much as possible,   Palmen 
and Newton (1948) have used the migrat- 
ing polar front at 500 mb as reference 
surface and computed a mean cross 
section with respect to this front. 
Fig. 3.5 shows this section,   obtained 
from 12 individual maps along 80° W for 
December,   1946,   It is noteworthy that 
the jet stream shows up as distinctly in 
this mean section,   computed with refer- 
ence to the front,   as in daily sections. 
This indicates that jet stream and front 
are closely linked when the sample for 
averaging is properly selected. 

The meridional temperature gradi- 
ent in fig. 3. 5 was by no means confined 
to the frontal layer,   in spite of the 
selection of strong frontal situations. 
In the polar air,   the temperature gradi- 
ent almost vanished north of latitude 
50°  above 800-700 mb.   In the warm air, 
on the other hand,   the isotherms re- 
tained a marked slope almost to the 
level of strongest wind.   It follows from 
thermal wind considerations that the 
total vertical shear will not be confined 
to the frontal zone though it will be 
largest there.   In fig. 3, 5 the wind speed 
changed as much as 40 knots from lower 
to upper boundary of the front at latitude 
46° underneath the jet core.   The sur- 
face wind was about 18 knots; it was 55 
knots at the lower boundary of the front, 
95 knots at the upper boundary,   and 135 
knots at 300 mb.   Thus,   the total in- 
crease of wind was 37 knots in the cold 
air,   40 knots in the front and 40 knots 
in the warm upper airmass.   In spite 
of the strong concentration of shear in 
the front,   the latter contributed only 
one third of the total increase of wind 
through the troposphere. 

Cross Section for 22 April 1958:    As 
already stressed,   it should not be in- 

ferred from cross sections such as 
fig. 3. 5 that a close association between 
jet stream and polar front always 
occurs.   Research workers have tended 
to pick for analysis situations featuring 
strong fronts in the middle of winter. 
Such illustrations are found in most 
publications,   and this has evoked the 
impression that a general correlation 
exists between jet stream and polar 
front.   The vertical section drawn 
through the Rocky Mountains on 22 April 
1958,   (fig. 3.6,   cf.  also figs. 2, 12, 2. 16) 
illustrates a situation where the jet 
stream is not connected with a strong 
polar front at the location of the section. 
On this day no stable layers or inver- 
sions were reported on any sounding 
between 700 mb and the tropopause. 
The isotherms from 0oC to -50° C 
sloped from SW to NE with roughly 
uniform spacing along the vertical. 
Higher up,   there was evidence of three 
tropopauses: the polar tropopause in 
the north; then,   after the typical gap, 
the middle latitude tropopause which 
occurred in two distinct layers;  and 
finally the tropical tropopause at high 
altitudes in the south.   The jet core lay 
just below the northern portion of the 
middle latitude tropopause. 

Glancing over fig. 3. 6,   the reader 
may be surprised that an intense jet 
stream existed at all on 22 April in 
the area of the section.   The isotherms 
look quite indifferent; at first glance 
one might expect a general increase of 
wind with height from the thermal wind 
relation,  but not'more.  It is possible, 
however,   to bring the salient features 
of the temperature field into stronger 
focus.   Because of the large tempera- 
ture lapse rate along the vertical, 
details of the horizontal gradients are 
obscured in all but strong frontal situa- 
tions.   This difficulty can be overcome 
by computing departures from some 
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mean atmosphere,   such as the U. S. 
Standard Atmosphere,   and drawing cross 
sections of temperature anomaly. 

Fig. 3. 7 was constructed by deter- 
ming at first the average vertical tem- 
perature structure from the eight sound- 
ings in the cross section of fig. 3. 6 and 
then computing deviations of the individ- 
ual ascents from the mean sounding. 
The resulting pattern,   after slight 
smoothing,   is quite spectacular and at 
once clarifies the picture.   Over the 
largest part of the section the isolines 
of temperature anomaly in the tropo- 
sphere were nearly vertical and concen- 
trated in the middle portions where the 
vertical wind shear was largest.   The 
whole troposphere from the ground to 
about 300 mb contributed uniformly to 
the total baroclinity,   a picture far 
different from that obtained in cases 
with strong fronts.   Fig. 3. 7 also reveals 
the reversal of horizontal temperature 
gradients with height very clearly,   with 
the jet core centered in the 'col' bet- 
ween the two warm and the two cold 
temperature anomaly regions. 

Temperature Charts 

Figs. 3. 8-10 show the jet stream 
axis of fig. 2. 11 superimposed on three 
temperature charts from 500 to 200 mb. 
At 500 mb (fig. 3. 8) little correlation 
existed between position of the jet stream 
and isotherm configuration.   The western 
axis crossed toward higher and the 
eastern axis toward lower temperatures, 
indicating that the amplitude of the jet 
stream configuration exceeded that of 
the isotherms.   In contrast,   axes have 
been observed to parallel the 'ribbon' 
of strongest isotherm concentration in 
many other cases  (see Chapter VIII); 
at least over the Pacific 500 mb tem- 

peratures provide a good means for 
Japanese Isles to orient themselves with 
respect to the jet stream (Pan American 
World Airways 1953).   At 300 mb (fig. 
3.9),  the temperature gradient was still 
directed from warm to cold across the 
jet axes looking downstream,   indicating 
that the level of strongest wind was 
situated above 300 mb everywhere. 
Isotherms and axes were nearly parallel 
at this level.   In the west,  the winds 
were also parallel to the isotherms, 
which differs from the 500 mb picture; 
in the east there was a definite compo- 
nent from warm to cold air along the 
axis as at 500 mb. 

The 200 mb chart (fig, 3. 10) gives 
clear evidence of the reversal of tem- 
perature gradient with height.   At this 
level temperatures were warmer to 
the left than to the right of both axes; 
the cold ribbon mentioned earlier ex- 
tended along both axes with variable 
intensity.   The flow paralleled the 
isotherms in the west but crossed 
markedly from high to low tempera- 
tures across the eastern axis suggest- 
ing ascent there. 

Dewpoint Cross Section 

The moisture distribution and the 
vertical motions associated with jet 
streams have been inferred from 
cloudiness and precipitation analyses 
in most studies.   Interesting and im- 
portant analyses of the moisture field 
as given by the   dewpoint depression 
are due to Vuorela (1957).   He noted 
that very dry air is often located with- 
in the frontal zone underneath jet 
streams.   At times Je*gradient of 
dewpoint depression becomes extreme 
as in fig. 3. 11,  which also contains 
arrows indicating the direction of 
vertical motion as inferred by Vuorela. 
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Fig. 3.1    Temperature distribution (   C) at 500 mb, 6 February 1952, 03Z (Bradbury and Palmen 1953).    The 

heavy line marks the approximate southern limit of the polar air including the frontal zone. 
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Fig. 3.2   Vertical cross section approximately at 80OWfrom Havana to Thule, 17 January 1947, 03Z 
(Palmen 1948).    Frontal boundaries, inversions or tropopause surfaces are indicated by 
thick solid lines when distinct, and by thick dashed lines when not distinct.    Thin solid 
lines indicate geostrophic wind velocity (knots) perpendicular to the section (zonal wind), 
dashed lines isotherms (0C). 
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Fig. 3.3   North-south vertical cross section from Bismarck, North Dakota, to Brownsville, Texas, 29 January 
1947, 03Z (Riehl1948).   Solid lines denote geostrophic west windspeed (knots), dashed lines 
isentropes (   A).    Heavy solid lines indicate frontal boundaries and tropopauses, heavy dashed 
lines subsidence inversions. 
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Fig.    3.4   Profile of 200 mb temperatures along section of fig. 3.2. 
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Fig.    3.5   Mean temperature and zonal component of geostrophic wind, computed from 12 cases in December,  1946.    The cross 
section lies along the meridian 80"W.    Heavy lines indicate mean positions of frontal boundaries.    Thin dashed lines 
are isotherms ("C, slanting numbers) and solid lines are isolines of westerly component of wind (knots, upright 

numbers).    Means were computed with respect to the polar front (Palmer and Newton 1948). 
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Fig.    3.6   Vertical cross section of temperature (   C, solid lines) and of windspeed (knots, dashed lines), 22 April  1958, 
00Z, along same line as fig. 2.16.   Heavy lines denote inversions and tropopauses. 
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Fig.    3.7   Vertical cross section of temperature anomaly (0C) for the thermal field of fig.3.6.    Deviations taken with respect to 
mean sounding computed from all soundings in the section. 

35 



-31. "34. 

-28 

-24-^4 

Fig.   3.8   500 mb isotherms (0C), 21 April 1953, 00Z, and jet axes. 
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Fig.   3.9   300 mb isotherms (0C)# 21 April 1958, 00Z, and jet axes. 
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Fig.   3.10   200 mb isotherms (UC), and winds, 21 April 1958, 00Z, also 300 mb jet axes 
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Fig.    3.11    Vertical cross section of dewpoint depression along a line extending NE-SW from Scandinavia across Britain to the 
ship station Weather Observer (WO) on 7 November 1952, (Vuorela 1957).    Frontal boundaries and tropopauses are 
indicated by heavy solid lines when distinct, and by heavy dashed lines when not distinct.    Thin dash-dotted lines 
are observed wind speeds (knots).    Thin solid lines are isolines of dewpoint depression ( C) and the arrows indicate 
the main directions of vertical movement as inferred from the humidity distribution. 
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Chapter IV 

A Jet Stream Example - 6 March 195i 

After the preceding detailed dis- 
cussion of jet stream structure,   it 
will be of advantage to see how all 
the pieces fit together in a compos- 
ite illustration.    For this purpose, 
the situation of 6 March 1958/- has 
been chosen.    At that time a strong 
jet stream extended through the 
center of the United States,  well 
documented by many wind soundings. 
Moreover,   a research-aircraft 
flight was made through this current 
by Navy A3D aircraft,   specially 
equipped for research missions with 
Doppler-radar navigation equipment, 
vortex thermometer,   turbulence re- 
corder.and photopanel,   described in 
detail by U.   S.   Navy (1959).     This 
will afford an opportunity to com- 
pare the jet stream structure as 
determined from maps and as 
observed in detail by an airplane. 

The Jet Stream from Balloon 
Soundings 

Even without the help of time 
continuity,   the upper wind structure 
over the United States is readily 
determined from fig.   4.1.    Time 
continuity,   however,   confirms all 
major features.    Very little smooth- 
ing of the   LMW data was required 
in drawing isotachs.     Only the wind 
at El Paso,   Texas,   had to be com- 
pletely rejected as will be readily 
understood from a glance at the 
chart. 

The major jet stream axis curved 
clockwise  over  the   country  from 

Texas to Virginia.    Core LMW speeds 
were 160 knots at the east coast and also 
over Texas,   so that in this instance a 
definite high-speed center was not pres- 
ent over the continent.  The current appar- 
ently ©g^^ftt&e^ over the data-voidof the 
tropical eastern Pacific. Its downstream 
extent into the Atlantic must have been 
considerable,   as judged from the Bermuda 
report.    A current split is indicated near 
the Texas-Mexico border.    Of course 
winds were lacking in this area to con- 
firm the analysis,   but the existence of a 
separate current branch along the Gulf 
coast,   the weakest feature of fig.   4. 1   due 
to lack of sufficient data,   is substantiated 
by time continuity. 

With central wind speed roughly uni- 
form along the main current,   the axis 
followed the 39, 000 -foot contour of the 
200 mb surface closely, while the Gulf 
coast  axis sloped from 39, 500 feet over 
Texas to 40, 000 feet over Florida.    This 
corresponds to a decrease from 160 knots 
to 120 knots,   assuming that the axis 
denotes a trajectory,   not a bad result 
considering the observed downstream 
decrease in speed.     The slight break of 
the 160 -knot isotach in the middle of the 
country was suggested by the wind 
reports in that area 12 and 24 hours later, 
which showed that the maximum over the 
southwest in fig,   4. 1 propagated eastward 
along the axis. 

Over the western states the principal 
current was narrow,  with strong shears 
on both sides.    It gradually widened 
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downstream without loss of central intens- 
ity. On a cross section drawn through the 
current over Oklahoma the distance with 
LMW speed in excess of 120 knots was^X 
about 250 miles. At the east coast this dis- 
tance had more than doubled, indicating 
thatalarge mass of air had become en- 

trained into the current over the central 
part of the country.    Streamlines did not 
cpnverge ^appreciably,   if at all, over 
thefmcreasing rate of flow which sug- 
gests strong geostrophic departures and 
a pronounced source of kinetic energy 
over the east.   This subject will be 
taken up in Chapter XI. 

It is of interest that,  while anti- 
cyclonic conditions prevailed over the 
southern United States,   a precipitation 
area developed from a weak frontal 
system over the Plains states propag- 
ting eastward.   A low pressure- center 
gradually emerged in this precipitation 
area over the  southern Great Lakes. 
The upper outflow from this disturbance 
presumably contributed at least in part 
to the broadening of the jet stream over 
the eastern states.    In addition, 
entrainment into the current in the high 
atmosphere also occurred.    In fig.   4. 1, 
the wind arrows pointed toward higher 
speeds north of the axis everovhere west 
of the Mississippi where the winds had 
a south component.    During the next 12 
hours the axis moved northward about 
120 miles (at a rate of 10 knots) and 
LMW winds of 160-170 knots were then 
recorded at places such as Dayton, 
Ohio,   and Topeka,   Kansas.    It follows 
from this that actual acceleration 
occurred in the clockwise curving 
current north of the axis which was 
sufficient to overcome the advection of 
lower wind speeds from upstream so 
that the jet axis actually moved north- 
ward. 

One can also see that in the west the 
mean height of the LMW sloped down- 

ward across the axis to a low point at 
about 36, 000 feet roughly 200 miles on 
the cyclonic side,   then rose again to 
45, 000 feet at the northwestern extremity 
of the current just before the onset of 
barotropic soundings.    In the east,   such 
a rise of the mean height was not in 
evidence.     There the height of the axis 
was steady near 38, 000 feet. 

The thickness of the LMW varied 
irregularly,   and it is best to assign a 
uniform thickness of around 10, 000 feet 
to the whole current. 

The Norfolk sounding (fig. 4. 2) is 
typical of what was observed along the 
whole length of the current:   a marked 
concentration of the jet stream into a 
narrow layer.     Up to 28, 000 feet the wind 
speed rose only 80 knots from the ground. 
Then there was a sharp change in the 
slope of the profile and in the next 11, 000 
feet the shear was 100 knots.   Above the 
level of maximum wind,   speeds at first 
dropped very rapidly and the shear even 
exceeded that observed below the core. 
Still higher up,   however,  the shear 
became quite weak.    In summary,   the jet 
stream was compressed  into a shallow 
layer,   typical especially of clockwise 
curving currents.    Considering the high 
core speed,   the LMW thickness of only 
8, 000-10, 000 feet was exceptionally 
small.    Also common in anticyclonic jet 
streams,   the core altitude was high-- 
38, 000 feet. 

Fig.   4. 2 suggests that the 200 mb 
surface,  with heights near 39, 000 feet 
along the core,   was the standard level 
with strongest velocities.    Accordingly, 
fig. 4. 3 portrays the wind speed distribu- 
tion at 200 mb along the cross section 
laid out in fig. 4. 1.   All observations 
fitted well,   so that the profile could be 
drawn without difficulty.     North of the 
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axis,  the shear was 50 knots/100 miles 
between the center of the current over 
North Carolina and Washington,   D. C. ; 
this is about 50 percent more than the 
Coriolis parameter.    South of the axis 
one -must go 180 miles to find a speed 
as low as at Washington.     Thus the 
typical difference  between shears on the 
two sides of jet streams is well demon- 
strated by fig. 4. 3. 

A glance at the whole core structure 
reveals a somewhat different picture 
(fig. 4. 4).    In this diagram,   as in fig. 
2. 16,   all winds have been plotted as 
reported; some smoothing has been done 
in the analysis.     Outstanding is the fact 
that the surface of maximum wind sloped 
downward from the core on the north 
side to a minimum height near Idlewild 
Airport (IDL).    Therefore the shear 
measured along the axis was less than 
the 200 mb shear between the core and 
Washington.     The height variation of the 
axis was in accord with the description 
of the LMW mean height of Chapter II: 
a decrease in height across the axis 
from anticyclonic to cyclonic side to a 
point about 200 miles to the left of the 
axis,   followed by a rise toward the 
barotropic area. 

From fig. 4. 4 the jet stream of 
March 6,   like the one of 22 April 1958, 
was confined entirely to the height VNVQ,VS 

troposphere.     Even at 300 mb speeds 
were almost constant from New York to 
Florida.    Accordingly,  the temperature 
distribution (fig. 4. 5) showed only a slow 
northward decrease of temperature 
above a shallow cold dome which did not 
extend beyond the 700 mb surface. 
Except for the sloping stable layer 
introduced by the low-level front,   the 
temperature anomaly analysis  (fig. 4. 6) 
resembled that of 22 April 1958,   over 
the western United States.    Anomaly 
lines were nearly vertical through a 

deep layer with roughly uniform baro- 
clinity.-   Again,   the jet stream core was 
situated in the 'col' between the two warm 
and cold areas.    This feature occurs with 
sufficient regularity that in the absence of 
wind data a jet stream position can be 
deduced with fair confidence from cross 
sections such as fig. 3. 6 and 4. 6. 

The 200 mb temperature field (fig. 4. 7) 
was characterized by a broad cold area 
over the central United States between the 
two jet streams.   From there temperatures 
rose toward both tropics and Canada.    As 
appropriate for a surface situated near the 
level of maximum wind,  temperature 
gradients were weak in the vicinity of the jet 
axis.    Isotherms were concentrated 
farther north and south,   in contrast to 
what would be observed at a constant- 
pressure   surface above the level of 
maximum wind.    The most remarkable 
feature was the warm trough in the north 
which had no counterpart in the wind field. 
This trough moved eastward rather slowly, 
much more slowly than the winds blowing 
through it.     From this it follows that 
descent must have   occurred west of the 
trough and ascent to the east,   and this 
ascent was coupled with the precipitation 
area at lower elevations. 

The Jet Stream from Aircraft 
Reconnaissance 

The U.   S.   Navy A3D research airplane 
took off from Patuxent River Naval Air 
Station,   Maryland,   about 10:30 a.m.   local 
time on 5 March for a return trip along 
the route outlined in fig. 4. 1.    It was 
scheduled to fly the southbound leg at 240 
mb,   the northbound leg at 220 mb.    Due to 
traffic control,   however,   the aircraft had 
to climb above 200 mb for part of the 
southbound trip. 

Wind and temperature were recorded 
every 15 seconds during the flight.    From 
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the spot observations,  two-minute 
average values were computed on a 
one-minute overlapping basis.     These 
values have been plotted in fig. 4. 8. 
In view of the speed of the airplane, 
each value represents a mean over 
roughly 15 miles. 

The wind direction during the 
flight was nearly westerly; it changed 
very little with time or space,   hence 
has been omitted from fig. 4. 8. 
Smooth curves obviously can be fitted 
to the wind speed profiles so that 
individual values of speeds do not 
deviate more than 10 percent from the 
smooth distribution except at a few 
points.     To the extent that the flight is 
representative of jet stream conditions, 
it demonstrates the limit of deter- 
minacy of jet stream wind structure 
from aerological networks with spacing 
of stations as found over the United 
States and some other areas of the 
world.     Given 10 percent of the wind 
speed of a smooth profile for the 
"microstructure, " its energy will have 
the order of one percent of the mean 
flow and can therefore be considered 
as "noise. "    This "noise, " even if it 
could be charted accurately at any 
given instant,   is normally an imper- 
manent feature of the jet stream 
complex,   that is it varies along all 
three space coordinates on a time 
scale one order of magnitude less than 
that of the mean current (hours instead 
of days).     It follows that the limit of 
predictability at a single level,  when 
averaged over 10-20 miles horizon- 
tally,   is about ten percent of the 
smooth profile,   assuming the latter 
can be forecast with precision.     A 
similar conclusion had been reached 
previously by Riehl (1956). 

Since the entire   flight time of the 
mission was only about three hours at 

altitude,  winds only minutes apart can be 
compared near the southern terminal of 
the flight and up to three hours apart in 
the north portion.     It is striking that the 
southernmost striation at 220 mb was 
completely absent at 240 mb.    Possibly 
the aircraft touched the lowest portion of 
the Gulf Coast jet stream at 220 mb,   a 
current which,   seen from fig. 4. 1,   was 
quite weak over northern Florida with 
very high core elevation -- 45, 000 feet. 
The striations at 220 and 240 mb were 
uncorrelated along the whole route,   but 
nothing further can be concluded   because 
we cannot ascertain whether the lack of 
correlation was in space,   or time,   or 
both.    Nevertheless,   it is noteworthy that 
the vertical "shear" -- assuming this term 
is admissable here -- was very small 
along southern and central portions of the 
flight route,   but became very large near 
and north of Greensboro (GSO),   with 
maximum of 60 knots in 2, 000 feet near 
latitude 37   .    This may be a feature 
introduced by time fluctuations but a 
similar,  though less extreme,   transition 
of vertical shear is indicated in fig. 4. 4 
between the rawin ascents at Charleston 
(CHS) and Hatteras  (HAT). 

Comparison of figs.   4. 3-5 with fig. 
4. 8 is,   in general,   quite favorable, 
especially when we consider that the 
location is not quite identical and that 
there is a time difference averaging about 
12 hours.     The cross sections were drawn 
several months before the flight data 
became available,   hence the two sets of 
diagrams were prepared quite independ- 
ently of each other.    Aircraft and radio- 
sonde temperatures fit well,   and the 
detailed temperature profiles reveal that 
no major feature has been missed in the 
analysis of the raob data.     The same is 
txot 

■ture for the 220 mb wind profile,   while 
from the 240 mb flight information the jet 
axis would be placed about 100 miles 
farther south than it is drawn in fig. 4. 4. 
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This flight,   as well as others that 
have been made,   confirms that in 
general a station density,   as main- 
tained over the United States,   suffices 
for adequate determination of the^-^ 
important broad-scale features oftflow 
and temperature field at jet stream 
altitudes and that the striations pos- 
sess energy only of meteorological 
noise.     Ultimately,   the micro-patterns 
may turn out to be important for jet 

stream theory.     It is clear,   however, 
that for purposes of map analysis with 
rawinsonde observations,   it is permis- 
sable and necessary to adjust any wind 
by 10 percent and occasionally by 15 
percent of the reported value for an 
accurate picture  of broad-scale jet 
stream structure.   Further comments 
on this subject will be offered in 
Chapter X. 
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Fig.    4.1    LMW chart for 6 March 1958, OOGCT.    Notation as in fig.2.13.    Light solid line along east coast outlines cross 
section shown in this chapter, heavy dashed line indicates research airplane track. 
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Fig.    4.2   Vertical wind profile (knots) at Norfolk, Va., 6 March 1958, OOGCT.    Heavy dot marks LMW speed and vertical 
line LMW thickness. 

200 mb  Mar. 6,1958,002 

PWM 

40 80 120 160        200 
V (knots) 

Fig. 4.3   Profile of wind speed (knots) at 200 mb along cross section indicated in fig. 4.1, 6 March 1958, OOGCT.    See 
next figure for international  index numbers of stations. 
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Fig.    4.4   Vertical wind cross section along line on fig.4.1, 6 March 1958, OOGCT.    Isotachs in knots; heavy dash-dotted line 
is level of maximum wind. 
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Fig.    4.5   Vertical cross section along line on fig.4.1, 6 March 1958, OOGCT.    Heavy solid lines are fronts and tropopauses, 
heavy dash-dotted line is level of maximum wind, light solid lines isotherms {°C), light dashed lines isotachs 
(knots). 
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Fig.   4.6   Temperature anomaly section, 6 March 1958, OOGCT.    Deviations from mean atmosphere computed for the section 
as in Fig.   3.7. 
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Fig.    4.7   200 mb temperatures (0C) and winds, 6 March 1958, 00GCT, and jet axis of LMW. 
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Fig. 4.8 Wind speed (knots) and temperature (0C) measured by A3D aircraft on route indicated in fig.4.1, 5 March 1958. S 
southbound leg, N northbound leg. Two-minute mean winds are plotted every minute; crosses indicate data taken 
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Chapter V 

The Subtropical Jet Stream 

According to the classical theory of 
the general circulation,   air drifts equa- 
torward near the ground and poleward at 
high levels.     The basic dynamic princi- 
ple is conservation of absolute angular 
momentum.    In the surface layer this 
principle is inoperative because of fric- 
tional interaction between air and 
ground; this prevents development of 
strong easterlies in the equatorward 
moving masses.    Since friction does not 
play such a large role in the upper lay- 
ers,   a rapid increase in west wind speed 
with latitude may be expected for the 
poleward return current at high levels, 
even if the momentum principle holds 
only approximately.    If conservation 
were to be realized fully,   westerly 
shears would indeed be tremendous. 
Given,   for instance,   a subtropical ridge 
with no zonal motion at latitude 7. 5°, 
then the west wind speed would be 86 
knots at latitude 20°,   Z36 knots at lati- 
tude 30°,   and 464 knots at latitude 40°. 
In middle latitudes such speeds are not 
realized,   not even in the extreme.   This 
proves that mechanisms other than the 
simple meridional cell must determine 
the actual velocity there.    In the tropics, 
however,   the constant momentum pro- 
file is approached in winter,   though not 
attained. 

In fig.   5. 1 we see the latitudinal 
distribution of zonal wind speed,   at 200 
mb,   computed relative to the subtropi- 
cal jet stream center of the kiorthern 
hemisphere in winter,   and the profile 

demanded from conservation of momen- 
tum.     Up to latitude 27° the curves are 
fairly parallel.     Then there is a break- 
down of the observed profile,   and this 
marks the subtropical jet stream axis. 
While the reasons for the breakdown at 
this precise latitude are not known,   it 
is nevertheless clear that the subtropi- 
cal jet stream essentially outlines the 
poleward limit of the tropical cell of 
the general circulation. 

The Subtropical Jet Stream of Winter 

The large increase in rawin sta- 
tions in the tropics since the early 
1950^ permits determination of the 
structure of the subtropical jet stream 
from wind observations rather than 
from geostrophic calculations based on 
contour gradients on isobaric surfaces. 
Krishnamurti (1959a) has analyzed the 
period December 1955 -  February 1956 
using wind data,   and the following will 
be based largely on his work. 

From individual charts and verti- 
cal wind profiles it is well established 
that the center of the subtropical jet 
stream lies near the 200 mb level. 
Analysis at 200 mb,   therefore,   is well 
suited to bring out the features of the 
core.     Fig.   5. 2 is an example of such 
analysis.    Evidently there are still 
large areas where the isotachs must 
be interpolated due to lack of observa- 
tions,   especially in the eastern por- 
tions of the Atlantic and Pacific Oceans. 
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As a whole,  however,   the station densi- 
ty represents a tremendous improve- 
ment in just a few years. 

The four days shown in fig 5. 2 and 
most other days of the period Dec. 
1955 -  Feb.   1956,   exhibited broad,   sim- 
ple and regular patterns in the areas 
with data.     Thus interpolation in the 
areas with few observations is far less 
risky than it would be if the currents 
were weak,   if the flow pattern were 
more complicated with features such as 
many vortices,   and if time variations 
of wind and jet axis orientation were 
large. 

Fig.   5. 2 exhibits three long waves. 
Ridges overlie eastern North America, 
eastern Africa and Arabia,   and eastern 
Asia.     Troughs are situated over east- 
ern Atlantic and Pacific,   and over 
south-central Asia.    There the curva- 
ture of the jet axis follows the southern 
periphery of the Himalayan mountains. 
The subtropical jet stream was first 
noted and described for this part of the 
hemisphere (Yeh 1950),  where the 
steadiness of the current was ascribed 
to the stabilizing effect of the hugh 
mountain plateau of inner Asia.    As the 
hemispheric data shows,   the current is 
also fairly steady in the other parts of 
the hemisphere,   though not to the same 
extent.    Distrubances travel along the 
subtropical jet stream axis as they do 
along the axis of higher latitude cur- 
rents.    These disturbances often take 
the form of troughs and ridges of short 
wave length (1000 miles) with high- 
speed center; they may produce an in- 
terruption of normal trade or monsoon 
weather at the surface,   occasionally a 
weak cyclone.    Disturbances usually 
are of small amplitude except when 
strong interaction with higher latitude 
troughs is taking place,   and it is diffi- 
cult to trace them from day to day.    In 

broad outline,   the three-wave pattern of 
fig.   5. 2 is conserved. 

Looking along the jet axis in this fig- 
ure we find that speeds are highest in the 
ridges where the flow curvature is clock- 
wise,   and lowest in the troughs.   The low 
trough speeds are confirmed by data on 
the African west coast and over India, 
the two areas with a station network near 
a trough.     The increase in wind speed 
from India to Japan has been well estab- 
lished as a general feature by Yeh (1950) 
and Mohri (1953).     Over the eastern Pa- 
cific,   one can only note that speeds typi- 
cal of ridges have rarely,   if ever,   been 
observed in the Hawaiian Islands. 

On the whole,   200 mb wind speeds 
along the core are very high; the sub- 
tropical jet stream is indeed a powerful 
wind system.    Interaction with the polar 
jet stream occurs mainly in the ridges. 
Here the principal incursion of high- 
level tropical air into the higher lati- 
tudes takes place and subtropical and 
polar jet streams often flow side by side, 
so that it becomes difficult to make a 
clear distinction between them. 

In order to obtain mean vertical 
cross sections through the current,   the 
wind speed must be averaged following 
the 200 mb axis on each day.    If,   as is 
frequently done in climatic studies,   the 
averaging is performed around latitude 
circles,   lesser core speeds will of ne- 
cessity be realized because the axis is 
situated in some areas to the north,   in 
other areas to the south,   of any latitude 
circle intercepting the core.    In fig.   5. 2 
the jet axis is nearly parallel to the wind 
in the core,   so that the parallel wind 
component (cs) nearly represents total 
speed.    If this component is averaged 
over a longer period,   spectacular verti- 
cal profiles (fig.   5. 3) and cross sections 
(fig.   5. 4) result.    Even in the monthly 
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hemispheric mean the central speed at- 
tains 70 mps.    As in case of the polar 
jet,   vertical shears are somewhat 
stronger above than below the core. 
Lateral shears increase from the sur- 
face to 200 mb (fig.   5. 5).    At this level 
the speed drops to 50 percent of the 
maximum 4° latitude to the north and 
7° latitude to the south of the core. 
Above 200 mb the shears again dimin- 
ish rapidly,   and the 100 mb velocity- 
profile in fig.   5. 5 is almost identical 
with that at 500 mb. 

In fig.   5.4 a weak wind speed maxi- 
mum extends to the surface,   a feature 
not representative of all portions of the 
subtropical jet stream.    Often the cur- 
rent is situated directly above the sur- 
face subtropical high pressure cell, 
and even more often do we find the 
'base' of the subtropical jet stream 
above 500 mb.     The meteorologist work- 
ing with 700 and 500 mb charts will,   in 
general,   not be aware of the subtropi- 
cal jet stream.    It is only at 300 mb 
and higher that the complex character 
of the upper wind field becomes fully 
apparent. 

The flow component normal to the 
jet axis may be averaged in a manner 
similar to the parallel component,   but 
one must expect small resultants be- 
cause the normal component averaged 
around the globe will be the mean ageo- 
strophic wind,  while the parallel com- 
ponent is largely geostrophic or grad- 
ient.    In fact,   there is doubt whether 
the normal component can be determin- 
ed reliably even with the station net- 
work available to draw fig.   5. 2.    On a 
daily basis this would certainly not be 
possible.    In the monthly average,  how- 
ever,   good results have been obtained 
as depicted in fig.   5. 6.     Near the 
ground the air flows from left to right 
across the axis,   looking downstream, 

i. e.   the flow is directed from cold to 
warm air.    In the upper levels the re- 
verse holds.    Poleward and equatorward 
flow balance at any latitude,   since there 
are no large net mass shifts from low to 
high latitudes or vice versa over a peri- 
od as long as a month.     Fig.   5. 6 sub- 
stantiates the fact that the subtropical 
jet stream lies near the poleward bound- 
ary of the tropical general circulation 
cell.     The center of mass circulation is 
situated about 10°  latitude to the right 
of the axis,   and the mass circulation 
decreases rapidly across the axis.    In 
some other months,   even greater sepa- 
ration of jet axis and center of mass 
circulation has been noted. 

An example over the southeastern 
United States:   Mean position and inten- 
sity of the subtropical jet stream appar- 
ently undergo changes from one winter 
to the next; these changes are addition- 
al to the fluctuations that occur within 
one season.    Information on these long- 
er period trends as yet is scanty,   be- 
cause high-altitude rawin ascents are 
needed to map the current,   and these 
have been available in sufficient number 
for only a few years.    Nevertheless,   it 
is probable that the high incidence of 
intense subtropical jet streams over the 
southeastern United States during the 
winter of 1957-58 will not be matched in 
every year.    During this winter polar 
jet streams were weak or non-existent 
over the central and northern United 
States for prolonged periods,   and all 
activity was centered in the subtropical 
jet stream.    A long series of cyclones 
passed through the southern states, 
coupled with frequent cold outbreaks 
even over Florida.    There,   January and 
February 1958 averaged 8-10oF below 
normal; such departures are exceeding- 
ly strong for the latitude of the penin- 
sula. 
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One of the high points of subtropi- 
cal jet development occurred on 11  Feb- 
ruary 1958,   a day on which most rawin 
ascents from the Caribbean to the south- 
eastern United States reached the tropo- 
pause layer.     Fig.   5. 7 illustrates the 
weather situation of the high atmos- 
phere for 11  February,   00Z.    Over the 
United States the air motion was slug- 
gish; all high-energy flow was concen- 
trated near and south of latitude 30  . 
A subtropical jet stream of consider- 
able intensity crossed Florida,  well 
documented by many rawin soundings. 
It would have been difficult to deduce 
the sharpness of this current from the 
contour field of fig.   5. 7.    While 200 
mb heights dropped more rapidly from 
south to north across Florida than any 
other portion of the map,   the non- 
linear distribution of contour gradient 
demanded by the wind field was not 
observed,   or at least obscured by er- 
rors in 200 mb height calculations. 

The general streamline and con- 
tour configuration showed a low- 
latitude trough over Mexico.    Due to 
lack of upper winds over that country, 
the axis of the subtropical jet stream 
cannot be placed except over Florida. 
Evidently,  however,   the situation cor- 
responds well to those depicted in fig. 
5. 2:    The subtropical jet stream mov- 
ed from southwest toward a crest over 
Florida and the Bahamas; farther 
north a trough was situated approxi- 
mately at the longitude of the southern 
jet stream maximum. 

Central jet speeds exceeded 200 
knots (fig.   5. 8) and the current was 
typically contained in a shallow layer. 
Vertical shears became extreme above 
28, 000 feet,   amounting to 110 knots/ 
10, 000 feet below the core and slightly 
more above it.     The LMW mean speed 
was 190 knots,   and the thickness of 

the LMW 8, 000 feet.     Clearly,   this was 
a core possessing strength not readily 
exceeded in higher latitudes in spite of 
the stronger temperature contrasts 
available there in the surface layer for 
concentration into narrow frontal zones. 

The lateral wind profile (fig.   5. 9) 
matched the vertical profile in sharp- 
ness of wind gradient.    On the anticy- 
clonic side,  winds decreased to 50 per- 
cent of central speed 400 n.   miles,   on 
the cyclonic side 200 n.   miles from the 
axis.    Such large shears certainly are 
worthy of note in flight planning.   Com- 
paring figs.   5. 8 and 5. 9 the vertical 
shear near the core had a value of 100 
knots/2 miles and a lateral shear of 100 
knots/200 miles.    If it is considered 
that the lateral extent of the system is 
two orders of magnitude larger than the 
vertical extent,   it follows that horizon- 
tal and vertical shears were practically 
equal after introduction of this scale 
factor.    A similar geometric relation 
may be found from comparison of figs. 
5. 2 and 5. 5 and in many other individual 
situations. 

The  concentrated nature  of the 
subtropical jet stream is further empha- 
sized in fig.   5. 10,   in spite of the rag- 
gedness of some of the soundings.    Gen- 
erally,   the layer of maximum wind was 
centered near 38, 000 feet,   a little lower 
than average for the subtropical jet 
stream.     Lateral shears aecreaaed 
ward and downward rapidly from the 
core.    At 500 mb there was no evidence 
of a jet stream over Florida; even at 
400 mb only a broad central zone with 
speeds of 80-100 knots is indicated in a 
field where the wind generally increased 
upward along the whole cross section. 

Although the strong core of figs. 
5. 9-10 could not be deduced from the 
contour field,   the overall increase of 

up- 
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wind with height and particularly the 
strong shears over Florida were related 
to the temperature field (fig.   5. 11).    In 
contrast to the temperature sections 
presented earlier for 22 April and 6 
March 1958,   the one for 11  February- 
exhibits a number of stable layers 
which,   sloping upward toward north, 
contained a certain fraction of the me- 
ridional temperature gradient of the 
whole section.    At low altitudes there 
were several stable layers with subsid- 
ence or frontal characteristics.    In the 
middle and higher troposphere all 
soundings near and south of the jet 
stream core gave evidence of another 
sloping stable layer not connected with 
surface temperature contrasts.     This 
secondary concentration at high altitudes 
has been observed by Mohri (1953) for 
the subtropical jet stream over and 
south of Japan,   by Endlich and McLean 
(1956) for the North American area. 
The origin of this stable layer is uncer- 
tain,   but it is frequently encountered in 
subtropical jet stream situations.    In 
fig.   5. 11 the jet stream core itself is 
situated between this layer and the tropo- 
pause.     This tropopause was not the 
tropical one — located near 100 mb in fig. 
5. 11—but the middle latitude tropopause 
described in Chapter III. 

In summary,   though the jet stream 
core was centered south of latitude 30°, 
its wind and thermal structure did not 
differ noticeably from that regularly 
encountered in middle and high latitudes. 
The similarity in structure in maintain- 
ed even when the core latitude is lower 
still. 

ordinary change that regularly takes 
place in this current from winter to sum- 
mer in the northern hemisphere.    With 
the advent of the warmer season the heat 
source for the atmosphere is extended 
well into middle latitudes.     The large 
mass circulation of winter that trans- 
ports heat toward the north pole (fig. 
5. 6) is greatly weakened,   and with this 
weakening the westerly subtropical jet 
stream disappears as a circumpolar 
phenomenon.     The shift of the heat 
source is related in part to strong insola- 
tion over the large subtropical land mas- 
ses of the northern hemisphere.     From 
the scanty data available in the southern 
hemisphere it appears that seasonal 
changes there are not nearly so strong. 
This is consistent with the lack of large 
heated land masses in the subtropics and 
farther south during the southern sum- 
mer. 

In the northern hemisphere,   the sim- 
ple pattern of winter gives way to a more 
complex circulation arrangement in sum- 
mer.    Over the oceans,   the latitudinal 
shift in heat source is small,   as it is in 
the southern hemisphere.     There the 
trade winds and remnants of the merid- 
ional circulation cell of winter remain. 
Westerly jet streams form intermittent- 
ly.    Data over the oceans is scanty,   but 
the network in the central Pacific is suf- 
ficient to allow us to draw at least quali- 
tative high-level wind analyses.     Fig. 
5.12 shows an isolated high-speed center 
emanating from the equatorial-trough 
zone and traveling on a clockwise path 
through the eastern Pacific (Riehl 1954b, 
p 250). 

The Subtropical Jet Stream in Summer 

There is nothing that shows the 
close connection between subtropical jet 
stream and large-scale heat sources of 
the atmosphere better than the extra- 

Over North America and Asia the 
highest temperatures in summer overlie 
the southern parts of the continents, with 
cooler air both to north and south.     This 
suggests a decrease of westerly winds 
or an increase of easterly winds with 
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height in the tropical belt south of the 
heated continents.     The North American 
continent,  however,   is narrow in the 
subtropics and as a rule the high-level 
circulation is weak,   oscillating between 
easterly and westerly directions. 

Occasionally,   an easterly jet 
stream core does develop (Alaka 1958). 
Except for the relatively weak core 
speeds,   the current of 1-2 August 1953 
(fig.   5. 13) had all the attributes of a 
jet stream—strong lateral concentration 
of wind with nearly zero absolute vortic- 
ity on the anticyclonic side (in this case, 
north),   and much stronger cyclonic than 
anticyclonic shear.    The shear attained 
maximum values in the vertical profile 
through the core,   and the layer above 
300 mb accounted for nearly all of the 
kinetic energy (fig.   5. 14). 

Easterly jet streams form only 
infrequently over North America,   and 
they do not persist.    Over the Asian- 
African land mass,   in contrast,   condi- 
tions are right to support an easterly 
jet stream throughout the warm season. 
A huge belt of heated air is situated 
there in the subtropics,  which extends 
about one-third around the globe.    More- 
over,   much of the land mass is elevated, 
so that the source of heating is placed 
at 700 mb or even higher.    This greatly 
contributes to the warming of the mid- 
dle troposphere.    With an extreme sea- 
sonal change in the distribution of heat 
and cold sources,   the 150-knot wester- 
ly jet of winter,   centered near 250N,   is 
replaced by an 80-100 knot easterly jet, 
centered near 1 50N (Sutcliffe and Bannon 
1954,   Koteswaram 1958).    This current 
overlies the low-tropospheric westerly 
monsoon above 25, 000-30, 000 feet. 
Steadiness of the direction of this cur- 
rent is about as great as in winter,   in 
spite of the lower core speeds. 

Koteswaram (1958) has analyzed the 
easterly jet stream for the summer of 
1955; this is the first year for which 
analyses based on wind observations 
could be prepared over the entire sub- 
tropical belt of Asia and Africa owing to 
increases in the number of rawin sta- 
tions.    Fig.   5. 15 depicts a cross section 
through an individual current; fig.   5. 16 
contains 300,   200 and 100 mb charts for 
this case.     The core of the current was 
situated even higher than in winter—near 
150-100 mb.    In correspondence,   the 
warmest air overlay the belt from 15°- 
30 N up to 200 mb (fig.   5. 17).    An abrupt 
change of the temperature field occured 
near 100 mb.     Temperatures were cold- 
est at this level near and somewhat north 
of the jet axis,  which signifies the typi- 
cal reversal of the temperature field 
above the level of maximum wind,   de- 
scribed in Chapter III for westerly jet 
streams.    In accord with the reversal of 
temperature gradient,   the tropopause 
sloped downward from north to south 
across the jet axis (bottom of fig.   5. 17). 
North of about latitude 20oN,  however, 
temperatures increased northward,   an 
indication that the temperature field 
there is part of the circumpolar warm 
region of the stratosphere in middle and 
polar latitudes.     From thermal wind 
considerations,   then,   the easterly sub- 
tropical jet stream weakened with height 
at 100 mb,   while farther north the west- 
erlies decreased or easterlies increased 
upward toward the broad belt of strato- 
spheric easterly winds of summer. 

As yet a mass circulation corre- 
sponding to fig.   5. 6 has not been com- 
uted for the easterly jet stream.    For 
the Indian region,   at least,   it is probable 
that the pattern of fig. 5. 6 will hold in 
reverse.      From the direction of the low- 
level monsoon it is known that the mass 
flow is from south to north underneath 
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the jet stream.     The heated Himalayan 
plateau and the rainfall distribution 
indicate ascent over northern India 
and Pakistan.    Descent is suggested 
for the southern parts of the subcon- 
tinent where a secondary mid-summer 
minimum of rainfall prevails.    Proba- 
bly,   the net drift is southward in the 
high troposphere. 

As in winter,  we may suppose that 
there is a tendency for the absolute 

angular momentum to be conserved in 
the southward drift of the tropical cell. 
It is of interest that,  when a constant 
absolute angular momentum profile is 
computed with respect to the Himalayan 
plateau,   a distribution of easterly wind 
speeds is obtained that closely resem- 
bles the observed one.    As yet,  how- 
ever,   the reason for the existence of 
the maximum with the particular speed 
and at the particular latitude where it 
occurs,   remains unknown for the east- 
erlies as for the westerlies. 
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Fig.    5.1     Observed distribution of west wind speed (u) at 200 mb for December 1955 in coordinate system centered on sub- 
tropical jet stream axis, and constant absolute angular momentum profile assuming u = 0 at latitude 7.50N. 
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ISOTACH    ANALYSIS    •    200   mbs    •     February    25.  26.  27.  28.    1956 
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Fig.    5.2   Isotach analysis (knots) of subtropical jet stream at 200 mb, 25-28 February 1956 (top to bottom).    Heavy line is 
|et axis, analyses dashed in areas without observations (KHshnamurti 1959a). 
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Fig. 5.3   Vertical distribution of wind component 
parallel to subtropical jet stream axis 
(cs, mps) averaged around globe follow- 
ing the axis,  December 1955 
(Krishnamurti  1959o). 
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Fig. 5.4   Vertical cross section of wind component 
parallel to subtropical jet stream axis 
(cs, mps), in coordinate system fixed 
with respect to the jet axis at 200 mb, 
for December 1955 (Krishnamurti  1959a). 
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Fig. 5.5   Lateral distribution of wind component parallel to subtropical  jet stream axis (cs, mps) 
on different isobaric surfaces, in coordinate system fixed with respect to subtropical 
jet axis, for December 1955 (Krishnamurti 1959a). 
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Fig. 5.6   Left:    Vertical cross section of wind component normal to subtropical jet axis (cn>mps), 
in coordinate system fixed with respect to subtropical jet stream axis at 200 mb, for 
December 1955 (Krishnamurti  1959a).    Negative sign denotes equatorward flow, 
positive sign poleward flow. 

Right:    Stream function of the mass circulation in vertical plane normal to jet axis 
(multiply by 10'^ g/sec for mass transport between isolines). 
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Fig. 5.7   300 mb chart 11  February 1958, 00GCT.   Contours in lOO's feel^ base 20,000 feet. 
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Fig. 5.8   Vertical profile of wind speed at Patrick Air Force Base, Florida, 11  February 
1958, 00GCT.   Heavy dot is mean wind of LMW, dashed line thickness of LMW. 
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pgr^42J col. 1, para. 1, line 4: 
delete a at end of line 

^42, col. 1, para. 1, line 7-8: 
change spelling enrained to entrained 

2, col. 1, para. 1, line 11: 
insert "... central and eastern United States, no 'confluence' 

-- the - was coupled with between and increasing 
 so that corrected sentence reads "Streamlines did not con- 
verge appreciably, if at all, over the central and eastern United 
States; no 'confluence' was coupled with increasing rate of flow 
which suggests strong geostrophic departures and a pronounced 
source of kinetic energy over the east." 

pgW2, col. 1, para, 2, line 16: 
S change spelling everwhere to everywhere  
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Fig. 5.9 Lateral profile of wind speed at 220 mb, 
11 February 1958, OOGCT, along cross 
section marked in fig. 5.7. 
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Fig. 5.10   Vertical cross section of wind speed (knots) along cross section marked in fig. 5.7, 11 
February 1958,   OOGCT.    Heavy dash-dotted line indicates level of maximum wind. 
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Fig. 5.11    Vertical cross section of temperature along line marked in fig. 5.7.    Heavy 
lines denote subsidence inversions, fronts and tropopauses. 
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Fig. 5.12   200 mb contours (hundreds feet) and isotachs (knots) (dashed) for the central tropical Pacific   24 July 1951 
(upper) and 25 July 1951 (lower) (Riehl 1954b). 
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Fig. 5.13   Lateral distribution of easterly wind speed at 200 mb 
from southeastern United States across Florida and the 
Bahamas to Cuba, 1-2 August 1953 (Alaka 1958). 
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Fig. 5.14   Vertical profile (solid line) of easterly wind component 
through jet axis at 82° W on 1 August 1953, 03GCT. 
Dashed line represents curve of cumulative percentage 
of kinetic energy from 1000 to 100 mb; for instance, 
value at 300 mb is 7 percent which means that 7 percent 
of the kinetic energy of the whole column from the ground 
to 100 mb lies below 300 mb, 93 percent above. 
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Fig. 5.15   Vertical cross section of easterly wind speed through subtropical jet stream axis at 95° E, 
25 July 1955 (Koteswaram 1958).    Solid lines are isotachs (knots), dashed lines are lines 
of equal temperature anomaly from mean tropical summer atmosphere. 
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Fig. 5.16   Streamlines and isotachs (knots, negative sign denotes east component) at 300, 200 and 100 mb, 
25 July 1955, 03GCT (Koteswaram 1958).   A denotes anticyclonic circulation, C cyclonic 
circulation.   Heavy dashed lines are easterly (Jg) and westerly (Jyy) jet stream axes. 

71 



100 mb 
sotherms 

July 25,1955 
L^     0300 GCT 

Pressure 
Tropopouse 

July 25, 1955 
0300 GCT 

Fig. 5.17   Isotherms (0C) at 200 and 100 mb and isobars of 

03GCT (Koteswaram 1958). 
pressure at tropopouse (mb), 25 July 1955, 
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Chapter VI 

The Polar Night Jet Stream 

In general,   it is stated that the 
tropopause is low and the stratosphere 
warm over polar air masses, and that the 
tropopause is high and the stratosphere 
cold over tropical air masses.   This 
relation provides for what has been 
termed 'compensation': height gradients 
of isobaric surfaces developed in asso- 
ciation with the thermal field of the 
middle and lower troposphere will 
vanish above the altitude of the polar 
tropopause.   Chapter III has provided 
good evidence of the validity of this de- 
cription for middle latitudes.   There the 
jet stream core is associated with the 
level where the meridional temperature 
gradient reverses.   As we discussed in 
the preceding chapter,   it is also true 
that the meridional temperature 
gradient reverses at the altitude of 
westerly and easterly subtropical jet 
stream centers. 

In the early years of upper-air 
exploration,  when soundings were con- 
fined mainly to middle latitudes,   it was 
held that 'polar' and 'tropical' sound- 
ings were imported from arctic and 
tropical regions into the temperate 
zone without major modification,   hence 
could be regarded as typical for the 
source regions.   We mentioned in 
Chapter III,   however,   that the tropo- 
pause located just equatorward of the 
jet stream in middle latitudes is not 
the tropopause generally observed in 
the tropics,  but an intermediate type 
of dynamic origin.   On the poleward 
side,   evidence disturbing for the old 

description began to be noted when sound- 
ing balloons released at Abisko in north- 
ern Sweden (lat. 680N) in the 1920's un- 
expectedly recorded very low winter 
temperatures and very warm summer 
temperatures in the layer  12-20 km. 
These observations,   analyzed by 
Palmen (1934) reveal that the annual 
temperature cycle in the Abisko strato- 
sphere is much more pronounced than 
at more southerly latitudes.   In the mean 
winter sounding the warm 'polar tropo- 
pause' could not be found.   The layer of 
steep tropospheric lapse rates termin- 
ated at 8-9 km,   but above these eleva- 
tions gradual cooling continued to the 
top of the soundings where the mean 
winter temperature was -66° C.   These 
observations subsequently led to a 
radiation theory of the annual course of 
temperature in the Arctic stratosphere. 
In the middle of winter the polar zones 
do not receive sunlight to great altitudes, 
and the normal heat source in the ozone 
layer does not exist.   Hence gradual 
cooling of the'ozonosphere takes place 
throughout the polar night period.   The 
reverse happens during summer,   but 
for our purposes we are only interested 
in the winter soundings.   If stratosphere 
temperatures continue to drop poleward 
through a very deep layer,   the wind 
should increase there with height in the 
Arctic,   and a level of maximum wind 
should exist at very high altitudes. 

For some time evidence on Arctic 
stratosphere temperatures accumulated 
only slowly,  because the altitudes 
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involved were very high for the avail- 
able sounding equipment.   After expan- 
sion of the Arctic network beginning in 
the 1940lsJ   however,   and after the 
South-Polar Byrd expeditions  (Court 
1945) the temperature field became 
well established.   It has been further 
confirmed by the extensive observation 
programs of the International Geophysi- 
cal Year in both polar zones  (cf,   Wexler 
1959).   Mean isotherms along 80° W for 
January are presented in fig. 6. 1 
(Kochanski 1955),  where it must be 
noted that the lowest temperatures near 
the pole have been interpolated on the 
basis of comparison with Antra^tic fWioxxi^c 
soundings.   Except for more complete 
data,   this cross section differs very 
little from that originally published by 
Palmen in 1934. 

It is clear from  fig. 6. 1 that on 
account of the high-level cold source 
the USrrrfe 1 wind north of 60° N is wester- 
ly to the top of the section,   that there- 
fore a polar night jet stream will exist 
in the ozonosphere,   with core speed 
and altitude of the level of strongest 
wind as yet unknown.   At 25 mb in 
January (fig. 6. 2),   a tremendous con- 
centration of height gradient is evident 
at this surface which is still below the 
level of strongest wind on account of 
the northward temperature drop. 
Geostrophic calculation along 90° W 
yields the zonal wind profile of fig. 6. 3 
which brings out the concentrated high- 
energy current of the Arctic strikingly. 
Considering that winds still increase 
upward through the 25-mb surface and 
that the calculation has been made on a 
seasonal mean chart,   the result is 
indeed formidable. 

It is a remarkable phenomenon, 
not yet explained,   that gradual cooling 
continues over both polar caps through- 
out the winter,   even though incursions 

of air from lower latitudes could readi- 
ly eliminate the very cold stratosphere 
and maintain much warmer winter tem- 
peratures.   Over the Arctic,   at least, 
such incursions do occur at least a 
few times during the cold season (Hare 
1959).   they produce fluctuations in 
intensity and position of the polar night 
jet.   Therefore, although both subtropi- 
cal and Arctic jet streams are tied 
directly to the heat and cold sources 
of the atmosphere,   the polar current 
is much  less steady.   Often a deep 
stratospheric cyclone is centered over 
northern Canada which will form, 
migrate and disappear,   although on a 
time scale much longer than that of 
most tropospheric  systems.   Daily 
charts have been drawn at 50 mb and 
25 mb for limited periods (Teweles 
1958).   These reveal that changes in 
the stratosphere are largely,   though 
not wholly,   unrelated to those of the 
troposphere,   and that events in two 
winters may be quite dissimilar. Most 
spectacular is the termination of the 
principal polar-night jet stream period 
which is coupled with sudden sharp 
temperature rises in the Arctic strato- 
sphere and virtual elimination of the 
north-south temperature gradient 
there (Godson and Lee 1958).   This 
event,  which has been termed 'explo- 
sive' warming,   has occurred variably 
between January and late March in 
the few years when the warming trend 
could be followed reliably. 

Fig. 6. 4 illustrates anjj'individual 
vertical cross section for 26 February 
1956,   extending from Alert (082) south- 
westward to Whitehorse (964),   prepared 
by Godson and Lee (1957).   The authors 
give the following discussion: "It was 
around this time that the jet stream 
was most intense. The orientation of 
this cross section is NE-SW,   and the 
strong northwesterly winds in the 
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stratosphere are at right angles to the 
plane of the cross section.   The highest 
reported wind on this cross section is 
160 knots around the 80, 000-foot level 
at Eureka (917).   The strong horizontal 
temperature gradient below the jet 
stream is clearly evident; the tempera- 
ture increases from -70 to -50oC in a 
distance of nearly 800 miles.   South of 
Resolute (924) the stratosphere is near- 
ly isothermal both in the vertical and 
horizontal.   Owing to the orientation 
and irregularity there is some doubt 
as to the reality of the double maximum. " 

It should also be noted that the 
highest wind speeds were observed at 
the top of the balloon runs; from the 
thermal field it was assumed that the 
core of the jet stream was located at 
25 mb.   Very cold temperatures as 
plotted in fig. 6. 1 were not encounter- 
ed on 26 February 1956; in fact,   there 
was no reading lower than -70°C.   The 
important Alert sounding,   however, 
terminated just after passing the 100 
mb level. 

Cross sections such as fig. 6. 4 
have confirmed the existence of a cur- 
rent with core near 25 mb or higher, 
and with lateral velocity girrirlinat-s 
typical of jet streams.   On account of 
the great altitude of the core,   these 
sections usually contain only a single 
ascent with winds penetrating into the 
core so that definitive analysis is dif- 
ficult.   For this reason Krishnamurti 
(1959b) computed a cross sectionfrom 
a large number of observations by 
means of combining all stations of the 
North American Arctic for a period 
of several days,   during which time 
fluctuations of the current were not 
excessive. All individual balloon ascents 
were to be composited in the jet coor- 
dinate system described in Chapter V 
for the subtropical jet stream; all data 

located at similar distances from the 
axis of the current were tobe averaged. 

For this purpose it was necessary 
to carry out daily map analyses and 
locate the jet stream axis.   At 25 mb 
data were insufficient,  but at 50 mb 
isotachs similar to those of fig. 5. 2 
could be drawn. From the available 
material a four-day period, 31 December 
1957 to 3 January 1958 will bepresent- 
ed.   All averaging for this period was 
based on the jet stream axes as det er- 
mined by the day-to-day analysis.   The 
mean latitude was 65° N.   The current 
was mainly westerly; it curved clock- 
wise over Alaska and western Canada, 
counterclockwise over eastern North 
America.   Thus the Arctic jet stream 
executed a wave-like oscillation with 
ridge near 150° W and trough near 
60° W,   or a half-wave length of 90° 
longitude. If symmetry prevailed around 
the globe,   the Arctic jet would contain 
two long waves; of course,   there is at 
present no knowledge whether or not 
such an extrapolation from North 
American data is permissible. * Even 
so,   it is remarkable that troughs and 
ridges of a longwave system,  with pre- 
ferred longitudes,   occur at the altitude 
of the Arctic jet. Normally,   standing 
wave positions are considered to be 
related to longitudinal asymmetries of 
the earth's surface itself.   It remains 
to be seen whether these can be held 
to account also for the high-stratospheric 
flow which might be thought to be well 
insulated from surface effects by the 
deep isothermal stratum above the 
tropopause,   especially as the correl- 
ation between tropospher^fic and strato- 
spheric flow patterns appears to be 

*Wexler and Moreland (1958) believe 
that the strong winds are relatively 
local features associated with the large 
stratospheric cyclones. 
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rather small.   More cannot be said on 
this intriguing,   yet unsolved, problem 
at this time. 

Averaging of the wind component 
parallel to the jet axis  (cs) for the four 
days leads to a spectacular diagram 
(fig. 6. 5) which fully confirms the 
similarity between Arctic night and 
other jet streams.   The core velocity 
was not very strong on this occasion; 
winds up to 200 knots have been noted 
on other days.   From fig. 6. 5 the core 
was situated at 26 km or about 85, 000 
feet,   pressure near 25 mb.   Above the 
core data were very sparse,   but there 
is a suggestion that strong shears, 
comparable to those of the tropospheric 
jet streams,   need not occur.   This im- 

pression has been strengthenedby rocket 
firings at Fort Churchill (Stroud 1959) 
which indicate that the Arctic jet may 
extend with undiminished fprce to very 
great heights indeed. 

The cross section of absolute vor- 
ticity (fig. 6. 6) is distinguished mainly 
by absence of a zone of very low vor- 
ticity southward of the core,   even 
though the relative voriticity was mea- 
sured along isentropic surfaces  (cf. 
Chapter XII).   A sharp concentration of 
vorticity gradient is in evidence at the 
axis,  with values one-third higher than 
the Coriolis parameter just north of 
the axis.   This is also rather little and 
should be expected to be exceeded in 
other cases.   An additional fact of inter- 
est was brought out by the vorticity 
analysis.   Glancing at fig. 6. 5,  we see 
that the shear on the cyclonic side of 
the axis is stronger than on the anti- 
cyclonic side as also found in earlier 
chapters.   At least this is true along 
constant-level or constant-pressure 
surfaces.   When the velocity profile 
was plotted along an isentropic surface 
intersecting the core,   however,   a 

different and curious result was ob- 
tained (fig. 6. 7).    Along the isentrope 
shears were nearly uniform; a bilinear 
velocity profile could be drawn readily 
which has the same slope (without re- 
gard to sign) on both sides of the axis. 

The temperature field was treated 
in the same manner as described in 
Chapters II and IV.   A mean temperature- 
height sounding was calculated for the 
data in the sample treated over the 
four-day period; then deviations from 
this mean sounding were taken.   It 
turns out (fig. 6. 8) that the temperature 
field of the Arctic jet is yiidentical with 
that of all the other currents analyzed 
in this text.   Below the level of maxi- 
mum wind temperatures decrease 
from right to left across the current, 
looking downstream.   This temperature 
gradient vanishes at core altitude and 
then begins to reverse.   It should be 
noted,   however,   that the reversal in 
fig. 6. 8 is based on very few observa- 
tions.   If the speed of the current re- 
mains constant through the ozonosphere 
in some situations,   as suggested above, 
a neutral lateral temperature field 
would be expected,   at least if winds 
are geostrophic.   A check was made 
to see to what extent the c„ wind com- s 
ponent was geostrophic below 25 mb, 
and in this case very good agreement 
between geostrophic and observed 
winds was obtained in the mean for the 
cross  section. 

For the polar night jet stream the 
mean temperature-height sounding it- 
self is of interest (fig. 6. 9).   The 
atmosphere is isothermal up to the 
level of maximum wind; then the 
increase of temperature in the ozone 
layer begins.   Although there is no 
tropopause,   the jet stream core never- 
theless is situated at an altitude where 
the stability of the atmosphere increases 
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discontinuously upward.   Apparently this 
is a characteristic position of most, 
if not all,  jet stream cores -which has 
not yet been fully explored.  In Chapter 

XII this subject will be.tg-ken up again 
when the potential vo'riticry field of jet 
streams is discussed. 
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Fig. 6.1    Mean vertical temperature distribution (0C) along 800W during winter, with tropopauses, ground 
inversions and location of main jet stream centers (after Kochanski 1955). 
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Fig. 6.2   25 mb contours (1000's feet) and isotherms (0C) for winter (After Kochanski 1955). 
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Fig. 6.3   25 mb geostrophic west wind profile (u  ) computed from fig. 6.2. 
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Fig. 6.4   Vertical cross section extending NE-SW from Alert to Whitehorse, 1500 GCT, 
26 February 1956 (Lee and Godson 1957).   Solid lines are isotachs (knots), 
dashed lines isotherms (0C).    Heavy solid line is tropopause.    International 
station index used. 
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(cyclonic onticyclonic) 

Fig. 6.5   Vertical cross section of wind component parallel to iet axis (c  , knots) 
for 31  December 1957 - 3 January 1958 (Krishnamurti 1959b).    Coordinate 
system relative to jet stream axis. 
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Fig. 6.6   Vertical cross section of absolute vorticity (10'  sec'  ) computed from 
fig. 6.5 on isentropic surfaces (Krishnamurti  1959b). 
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Fig. 6.7   Wind profile along isentrope passing through center of Arctic jet in fig. 6.5. 
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Fig. 6.8   Vertical cross section of temperature anomaly (0C) from mean sounding 
for section, 31  December 1957 - 3 January 1958 (Krishnamurti 1959b). 
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Fig. 6.9   Mean temperature-height sounding for cross section of fig. 6.8 
(Krishnamurti   1959b). 
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Chapter VII 

Fluctuations of the Jet Stream 

So far,   attention has been confined 
mainly to structural features of the wind 
field in belts where the high-energy flow 
is concentrated.     The illustrations of 
the April  1958 series (Chapter II) have 
already indicated that jet stream cores 
are also subject to large variations in 
structure and position with time.     Two 
types of jet stream variations have been 
principally noted: 

1) The  'life cycle1 of individual 
cores; 

2) Fluctuations of jet streams on 
the hemispheric  scale and the inter- 
action between several currents. 

Individual Currents 

In middle latitudes jet streams 
often go through a 'life cycle' of some 
days: at first a core consolidates and 
its energy increases;   then there is a 
culmination point,   after which central 
speed and concentration of energy again 
decrease.     The latter stage is frequent- 
ly,   though by no means always,   con- 
nected with a shift in the axis of the 
current toward lower latitudes and also 
higher altitudes and therewith higher 
potential temperatures  (Cressman 1950). 
There is a tendency for the amplitude of 
the current to increase and for marked 
high-speed centers along the axis to 
develop during the  'growing'  stage,   and 
the reverse holds for the dissipating 
stage.    It is very rare to encounter a 
core of great intensity during periods 

of essentially zonal flow; more typical 
is a belt 10° or even 20° latitude wide 
with fairly high mean speed and several 
'fingers' of slightly higher speed em- 
bedded in this general stream. 

Usually the axis of an individual cur- 
rent traces quite well the pattern of long 
waves in the westerlies--in fact,   the jet 
stream may be a mainspring of these 
waves.    It is true,   as described in 
Chapter II,   that an axis will cross 
toward higher or lower contours when 
strong high-speed centers along an axis 
are present;  such crossing may amount 
to 600 feet or even more.    But in good 
jet stream situations this is only a small 
fraction of the total contour gradient in 
long waves which will attain at least 
2, 000 feet in middle latitudes under such 
circumstances and often reach 3, 000 
feet or more at 300-200 mb.     Hence,   the 
general configuration of a jet stream 
axis is closely linked with that of the 
wavy contour field,   though the ampli- 
tudes will differ. 

The time variations of jet streams 
are manifold.     Figs. 7. 1-6 illustrate a 
common type of development with the 
LMW isotachs over North America for 
the period 16-20 November  1958.     The 
sequence begins at a time when a large- 
amplitude wave pattern had become 
established over the United States,   with 
trough over the Rocky Mountains and 
ridge over the eastern states.     The 
trough propagated eastward,   at first 
slowly and later quite rapidly,   after an 
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intense cyclone developed on its 
eastern side.     At the end of the five- 
day period,   a displacement of one- 
half wave length had taken place.    As 
long as the wave amplitude was large, 
the intensity of the principal current 
forming the wave pattern was consid- 
erable,   with several strong high-speed 
centers along the axis.     Coincident 
with the return to westerly flow after 
19 November,   OOGCT,   the speed of 
the current diminished rapidly,   and 
on 20 November the wind speed ex- 
ceeded 100 knots only on the United 
States east coast. 

The track of the most important 
high-speed centers during the period 
has been charted in fig. 7. 6,    Since 
large portions of the axis were outside 
of the dense network of rawin stations 
over the United States on each day-- 
this always happens in large-amplitude 
cases--the continuity of the high-speed 
centers as given by the National 
Weather Analysis Center at Washington, 
D.   C. ,   is not perfect.     Nevertheless, 
positions and intensities of the centers 
have been reproduced essentially as 
transmitted from Washington with only 
minor modifications.     It is believed 
that the most important occurrences 
of the period on the gross scale are 
correctly indicated,   at least over the 
United States.     The path of the high- 
speed centers on the first three days 
delineated the long wave pattern well. 
In contrast to the 19-22 April situation 
of Chapter II,   the second center did 
not lose intensity during travel from 
ridge to trough on the western side of 
the long wave trough,   but it rounded 
the southern bend with maximum 
strength.     This center travelled very 
rapidly,   much more than average. 
The third center took a more southerly 
course coincident with the eastward 
wave propagation.     Common in the 

terminal stage of large jet stream   sys- 
tems,   a new core began to arrive from 
the Pacific on 18-20 November,   which 
established a fresh belt of westerlies 
across the top of the old long wave 
pattern. 

Hemispheric Fluctuations 

In passing from the jet stream struc- 
ture in a limited area to hemispheric- 
wide jet stream configurations,   it 
becomes necessary to eliminate a great 
mass of detail.    Such simplification must 
be carried out with respect to any ele- 
ment when there is a change in the order 
of magnitude of the basic variables con- 
sidered,   space or time.     Otherwise the 
observer is faced with an unwieldy 
multitude of detail which obscures the 
features of main interest in relation to 
the space or time scale to be analyzed. 

Very few hemisphere charts at jet 
level have been constructed from wind 
data.    In general,   only constant-pressure 
charts have become available for the 
purpose of presenting jet stream features 
over large areas.    In figs. 7.7-11 bands 
of contour concentration are outlined, 
based on hemispheric 250 mb analyses 
prepared by the National Weather 
Analysis Center.     This crude type of 
representation has the merit of providing 
at least a broad view of the major cur- 
rents around the globe.     It is easy to 
conceive of much better charts,   given 
enough rawin observations.     Then the 
variable core altitude of different jet 
streams could be taken into account; 
mean speed and amplitude of individual 
currents could be measured and followed 
as a function of time.     Undoubtedly such 
charts will eventually come into existence,, 
but for the presentjschemes such as those 
reproduced in figs.7. 7-11 must suffice 
if there is to be any view of the hemi- 
spheric  scale. 
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The five charts cover half of 
November  1958,   beginning with the 
period discussed earlier in this 
chapter for the United States.     The 
charts are presented at three-day 
intervals--a longer time scale must 
go with the larger distance scale. 
Detail on jet stream axes,   as con- 
tained in figs. 7. 1-5,   has been omitted; 
in fact,   the current followed earlier 
merely appears as a branch of a cir- 
cumpolar velocity concentration in 
fig. 7. 7.     This is not meant to imply 
that the current executing the wide 
southward swing over the western 
United States branches off from the 
axis passing over northern Canada in 
the Pacific and merges again with it 
over the Atlantic.     We merely wish to 
take the position that from the hemi- 
spheric viewpoint on general location 
of high-speed areas,   separation of 
these axes would be without importance 
except over North America.     The same 
holds for most other areas where cur- 
rent splits and confluences have been 
shown.    At times two separate branches 
may really consolidate into a single 
current,   or a single core may break 
up into two narrower streams.    At 
other times,   two currents may flow 
side by side in close proximity for a 
while,   but tenaain separate entities 
and then diverge again.    In many areas, 
especially over the oceans,   a clear 
distinction,   even if desired,   is not 
possible due to lack of sufficient obser- 
vations.     This holds notably in the 
western Pacific where on most charts 
a broader jet stream zone has been 
indicated than elsewhere. 

Hemispheric jet stream charts, 
when drawn on the basis of quantitative 
procedures,   can serve several purposes, 
They can be employed as a principle 
for long distance flight routing and for 
longer period flight planning.     They can 

aid in wind and weather prediction 
several days in advance.    Here we shall 
merely note some of the most prominent 
large-scale features evident from the 
qualitative sketches of figs. 7. 7-11.     A 
circumpolar belt of velocity concentration 
could be drawn on each map,   even though 
the charts themselves do not extend as 
far southward in the eastern as in the 
western part of the hemisphere.     The 
principal belt 'meanders' around the 
globe.    At times a fairly regular wave 
pattern appears,   but troughs and ridges 
more often have an irregular spacing and 
the band as a whole cannot be described 
readily in simple terms. 

In fig.7. 7 we observe four waves of 
varying amplitude along a single band, 
excepting the link across Canada.    In 
the south,   portions of the subtropical 
jet stream have been entered.     Continu- 
ity with respect to this current is the 
poorest of the series--this may be 
expected from the discussion in Chapter 
V.     Even a detailed analysis of the high- 
tropospheric contour field over the 
southeastern United States did not clearly 
reveal the high-velocity core so evident 
from the wind observations.     Hence 
little should be expected from a hemi- 
spheric analysis based on isolated 
radiosonde stations over the oceans. 

By 21  November (fig. 7. 8) the comple- 
xity of the jet stream pattern had 
increased.    Several of the troughs noted 
on 1 8 November progressed in the 3-day 
interval,   notably over North America^ 
and eastern Europe.    Most striking 
was the emergence of two 'blocks' in 
the central Atlantic and western Pacific 
Oceans.    Blocks are a frequent and 
peculiar feature of the general circula- 
tion,   studied extensively by Rex (1950, 
1951).    A concentrated current,   usually 
westerly,   breaks into two sharply di- 
verging   branches at a certain longitude. 
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and this break often continues or 
recurs in approximately the same 
location for days or weeks.    In 
higher latitudes during winter the 
central Atlantic is one climatically 
favored location for block formation, 
and this event is spectacularly shown 
in fig. 7. 8. 

It is arguable whether the west 
Pacific situation deserves the 
classification of 'block'.     Two cur- 
rents upstream merge into a fairly 
broad zone and then they separate 
again farther east,   so that one may 
think merely of a split rather than 
a block.    In any event,   the effect is 
the same as that of a true block for 
the downstream region.    A concen- 
trated westwind belt in middle 
latitudes suddenly gives way to an 
area with light,   often easterly winds, 
on its eastern side; two high-velocity 
cores bound this area in high and low 
latitudes. 

Changes were relatively small 
between 21 and 24 November (fig. 7. 9), 
but then the flow pattern altered 
sharply (fig. 7. 10).     The Atlantic block 
temporarily weakened; the Pacific 
split moved rapidly eastward.     A large 
increase in amplitude took place in 
its northern branch which represents 
a sharp thrust of tropical air masses 
poleward.    Many major upheavals of 
the hemispheric flow pattern begin 
with such a solitary thrust whose 
effect then propagates downstream 
and increases the amplitude and 
intensity of the jet core.   That this 
happened in the present case may be 
seen from the large trough over the 
Atlantic in fig. 7. 11. 

By 27 November a new jet stream 
core had also begun to develop in very 
high latitudes over Siberia.     This new 

current became fully established by 
the end of the month (fig. 7.11) when 
its northernmost portion was situated 
on the Asiatic side of the pole.     Thus 
it appeared as a current with east 
component--a frequent occurrence. 
In addition Atlantic block and Pacific 
block or split reformed at the longi- 
tude where they had first developed 
about 21 November. 

A feature common to all charts 
of the series,   typical of the colder 
season,   is that the principal high- 
velocity belt did not lie symmetrical- 
ly about the pole but that its position 
was 'eccentric1, with a much lower 
mean latitude over eastern Asia and 
the Pacific than over the Atlantic. 
This eccentricity,   discussed further 
in Chapter IX,   is undoubtedly related 
to action of the whole Asian continent 
as a cold source which is itself 
asymmetrically located with respect 
to the pole.     The eccentricity of the 
flow,   studied especially by LaSeur 
(1954),   maybe measured in several 
ways.     We may,   for instance,   calcu- 
late the first harmonic of the height 
distribution at,   say,   300 or 200 mb, 
at difference latitudes and then draw 
the perturbation streamline field 
arising from this harmonic  (fig. 9. 11). 
When a curve is placed through the 
center of the perturbation flow 
reinforcing the mean westerly wind, 
a spiral results  (fig. 7. 12).     From 
eastern Asia across North America 
to Europe this spiral represents the 
actual mean position of most jet 
stream axes very well.     Over Siberia 
there are northwesterly current links 
between the low-latitude position of 
the jet streams over the western 
Pacific and the high-latitude position 
over the Atlantic. 
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As already mentioned,   hemi- 
spheric jet stream charts can serve 
as bases for various types of calcu- 
lation concerning mean speed,   alti- 
tude,   latitude and amplitude of jet 
stream systems and their variation 
with time.    Such numbers,   measuring 
characteristics of jet streams over 
the -whole map,   may be called hemi- 
spheric indices.     A simple index which 
enjoyed popularity mainly during the 
1930's and 1940,s,   is the index of the 
strength of the westerlies,   or 'zonal 
index' (cf.  for instance Namias and 
Clapp 1951).     Computed at first at 
the surface and later in the middle 
and high troposphere (fig. 7. 13),   this 
index measures the mean hemispheric 
strength of the westerlies as a function 
of latitude from isobaric contour char- 
ts,   i. e.   it measures the geostrophic 
wind.    At times gradual progression of 
west wind maxima poleward or equatoy— 
>jrward are observed as illustrated in 
fig. 7. 13.    When this happens the 
latitudinal trend is very useful in 
qualitative wind and weather forecasts. 

Unfortunately,   trends have not been 
found to persist with regularity suffi- 
cient to serve as basis for routine 
forecasts.     Part of the difficulty may 
lie in the form of the index itself.    As 
we have noted,   the circumpolar cur- 
rent is asymmetric with respect to the 
geographic pole in winter;  on the aver- 
age,   the flow is strongest near latitude 
35° in the western Pacific and near 
latitude 55° in the Atlantic.     A true 
representation of the mean jet stream 
strength should at least take this 
eccentricity into account.     When this 
is done,   hemispheric wind profiles are 
obtained which are much more peaked 
than those computed merely for the 
west component of motion around 
latitude circles  (LaSeur  1954).     Calcu- 
lations made with respect to the jet 
stream axes as observed on daily 
charts should prove even more fruitful 
in describing hemispheric jet stream 
fluctuations.    Here is still a field of 
endeavor worthy of research for 
practical as well as theoretical purposes. 
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Fig. 7.1    Jet stream axes and isotachs (knots),  16 November 1958, OOGCT.    Principal high-speed centers are numbered for 
continuity.    J denotes high-speed center.  S slow area. 

Fig.  7.2   Jet stream axes and isotachs,  17 November 1958, OOGCT. 

Fig. 7.3   Jet stream axes and isotachs,  18 November 1958, OOGCT. 
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Fig. 7.4   Jet stream axes and isotachs, 19 November 1958, OOGCT. 
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Fig. 7.5   Jet stream axes and isotachs, 20 November 1958, OOGCT. 

Fig. 7.6   Track of principal high-speed centers, 16-20 November 1958. 
Position, time and intensity (central closed isotach) given. 
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Fig. 7.7   Outline of hemispheric flow concentrations, 18 November 1958. 

Fig. 7.8   Outline of hemispheric flow concentrations, 21 November 1958. 

Fig. 7.9   Outline of hemispheric flow concentrations, 24 November 1958. 
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Fig. 7.10   Outline of hemispheric flow concentrations, 27 November 1958. 

Iv^SC^ 
D^^K^T" |ww/ 

"!    vJ^L- ^ 
Fig. 7.11    Outline of hemispheric flow concentrations, 30 November 1958. 
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Fig. 7.12   Axis of first harmonic of 300 mb flow during winter (Barrett 1958). 
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Fig. 7.13   Profile of westerlies at 300-mb:    (a)   7 December 1945;   (b)    19 
December 1945;   (c)   29 December 1945.    Arrows mark successive 
positions of strongest westerly flow with respect to mean for each 
latitude.    Profile averaged from charts extending from Asiatic east 
coast to Europe via North America (Riehl et al  1952). 
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Chapter VIII 

The Jet Stream In Relation To Weather And Cyclones 

Jet streams pass over thousands 
of miles of subtropical desert where 
there is hardly a cloud in the sky and 
■where the surface circulation is anti- 
cyclonic.     They also lie above the 
strongest cyclones in the westerlies, 
with extensive sheets of clouds and 
precipitation extending along the 
axis.     Thus the mere existence of a 
jet stream,   in any area,   even a very 
strong one does not of itself imply bad 
weather there.     The converse,   how- 
ever,   holds to a much better degree of 
approximation,   especially in winter: 
cyclones and extensive bad weather 
areas tend to be connected with jet 
streams.     This is true especially for 
warm front weather associated with 
cyclones during their formative and 
mature stages.    As noted in Chapter 
III,  well-developed jet streams are 
connected with strong tropospheric 
temperature gradients,   often concen- 
trated in a polar-front zone.     Lateral 
mass convergence and divergence,   and 
attendant ascent and .a§Cont*/ can attain 
sufficient magnitude to produce exten- 
sive bad weather only in such baroclinic 
zones. 

Jet Stream and Cyclones 

There are several factors that 
permit one to distinguish between jet 
streams that are inactive as weather 
producers and situations where large 
cyclones and widespread precipitation 
areas develop from them.    In the first 
instance,   the amount of weather devel- 

opment will have some correlation with 
the intensity of the current and the strength 
of the  associated baroclinic   zone, 
other factors being equal.    As noted 
early in studies of the upper wind field 
over the United States (Riehl 1948) a 
well formed jet stream is not always 
present.     Three types of situations were 
noted in a study of the winter of 1946-47 
and subsequent seasons  (fig. 8. 1): 

1. Both vertical and lateral shears 
in the troposphere are small (fig. 8. la). 
Low pressure centers observed during 
such periods remain weak. 

2. The lateral shear is small,   but 
the vertical shear is large,   indicating a 
marked north-south temperature gradi- 
ent,   but without much lateral concen- 
tration.    Several weak 'fingers' of 
maximum velocity can be present.     The 
average west-wind profile of the high 
troposphere across the United States 
may be as shown in fig. 8. lb with 
average speed near 60 knots; at times 
even a 100 knot average has been 
observed with two or three 'fingers' 
attaining 120-130 knots.    Disturbances 
observed with this flow pattern move 
rapidly eastward without much intensi- 
fication.     'High index' warm cyclones 
fall in this classification. 

3. The lateral shear in the low 
troposphere is small but a jet stream, 
well defined by strong vertical and 
horizontal shear,   is situated in the 
upper troposphere.    When such a 
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current becomes superimposed on 
a strong frontal zone of the low 
troposphere,   intense cyclogenesis 
may ensue.     As already noted, 
however,   the existence of a strong 
jet stream -- as seen,   for instance, 
in a vertical cross section -- does 
not necessarily imply the presence 
of cyclones and bad weather.    More- 
over,   strong fronts have been known 
to remain stationary for several days 
with only shallow wave formation 
along them.     Therefore,  jet stream 
characteristics additional to the gen- 
eral intensity of the baroclinic zone 
must be sought for a criterion of the 
type of activity to be expected in 
association with a current.     Such 
characteristics are found by consider- 
ing variations of jet stream structure 
along the axis. 

Weather Situation of 16-20 November 
1958: For an example we shall examine 
surface developments for the period 
16-20 November 1958,   over North 
America for which the sequence of 
events in the LMW has been described 
in the last chapter.    At the starting 
date of the series on 16 November 
(fig. 8. 2) unseasonably warm and humid 
weather covered the eastern half of the 
United States,  while the Rocky Moun- 
tain area and even the Pacific coast 
experienced the first severe cold out- 
break of the winter season.     This 
distribution of temperature anomaly 
agrees well with the long wave picture 
outlined by the axis of the major jet 
stream; this axis has been superim- 
posed on fig. 8. 2 and the subsequent 
maps from figs. 7. 1-5.     The freezing 
isotherm roughly coincided with the 
jet axis in this and the following 
illustrations. 

A deep cyclone had moved from 
the west to the lee of the Rockies in 

southern Colorado where, at the maptime 
of fig. 8. 2,   it was situated almost di- 
rectly under the jet stream core, closely 
connected with the first high-speed cen- 
ter whose path is depicted in fig. 7. 6. In 
the next 24 hours the center J    moved 
rapidly northeastward.     The cyclone, 
traveling along the jet axis lost contact 
with it and began to fill after occlusion 
(fig. 8. 3).     Widespread bad weather was 
in progress over large portions of the 
Great Plains west of the Mississippi as 
a tropical airmass with dewpoints above 
60oF penetrated northward under the 
secondary jet.     Heavy precipitation and 
thunderstorms occurred around the 
secondarv axis,   giving way to heavy 
snow northwest of the low pressure 
center. 

In the southwest a weak low pressure 
center,   located in southern Nevada in 
fig. 8. 2,   had moved eastward to the lee 
side of the mountains by 17 November. 
Upon this cyclone the jet stream center j^^ 
previously situated on the Oregon coast, 
was impinging at that time after rapidly 
rounding the long wave trough position 
on the Arizona-Mexico border with great 
intensity.     When superposition of these 
two systems --  separated by 1000 miles 
only 24 hours earlier -- took place, 
rapid deepening set in at the surface and 
a major cyclone formed. 

This cyclone also followed the jet 
stream in its path and attained great 
severity on 18 November (fig. 8. 4). 
Although the displacement was very 
rapid for a deepening storm,   the jet 
stream center propagated at an even 
faster rate and overtook the surface 
disturbance.    Subsequent to the separa- 
tion the surface cyclonic circulation 
began to diminish again. 

On the following day (fig. 8. 5) the jet 
stream center J3 passed over the area 
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where the great upheaval had taken 
place 24 hours earlier.    But now the 
whole Midwest was covered by subsid- 
ing polar air so that the high-speed 
center,   though well defined and intense 
like its predecessor,   passed over the 
Plains States unnoticed at the surface. 
The secondary jet of 16 and 17 
November had disappeared and no 
secondary cyclone formed along the 
cold front in the southeast,   although 
surface indications were quite favora- 
ble for such a development on 19 
November. 

From the Pacific coast the  'nose' 
of a new jet stream system entered on 
that day,   accompanied by a weak trough 
with occluded front and followed on 
20 November by a deeper cyclone off 
the west coast.    Fig. 8. 6 shows the 
terminal phase of the jet stream we 
have followed.    At first of great 
amplitude and intensity,   two large 
cyclones were set off along its axis. 
At the end it was superimposed on a 
belt of polar anticyclones.     Amplitude 
and intensity declined while a new cur- 
rent system farther north began to 
dominate the weather over the United 
States,     Comparing figs. 8. 2 and 8. 6, 
a definite southward shift of the prin- 
cipal axis was effected in the five days 
covered by our analysis. 

Although the case discussed was a 
severe one,   it nevertheless brings out 
quite well the type of association 
between jet streams and cyclones,   and 
the life cycle of jet streams with re- 
spect to surface phenomena,   that can 
be observed when following maps from 
day to day.     The nature of the associ- 
ation between cyclogenesis and jet 
stream is more difficult to ascertain 
and cannot be explored fully in the 
present context.     Cyclogenesis is a 
baroclinic process which depends on 

the sinking of a cold airmass relative 
to the surrounding warm air for its 
energy source.    Palmenand Newton 
(1951),   among numerous authors on 
this subject,   demonstrated that cold 
air subsidence often can be detected 
clearly by following the 500 mb tem- 
perature field.     Now it is a fact, 
readily ascertained from 500 mb and 
other charts,   that a high-speed cen- 
ter along a jet stream,   formed in a 
long wave ridge and traveling forward 
from there to the next trough to the 
east,   will move southward in associ- 
ation with a cold dome (cf.   also Riehl 
and Teweles,   1953). 

This typical sequence was reenacted 
during the period illustrated here.     On 
15 November -- one day before our 
series begins -- an extensive cold 
airmass with 500 mb temperatures 
below minus 350C overlay Canada and 
the northwestern United States.     With 
arrival of the high-speed center Jo 
from the Pacific,   a portion of this cold 
airmass was driven southward and 
almost isolated from the main body of 
cold air over Canada (fig. 8. 7). 

During 16 November the cold air 
continued to move southward over the 
western United States,   but at the end 
of the day (fig. 8. 8) it was evident that 
subsidence of the cold dome had begun. 
The area enclosed by the minus 350C 
isotherm Aftd become very small and 
even the area inside the minus 30oC 
isotherm had shrunk considerably as 
the whole body of cold air over the 
United States became  'cut off from 
its high-latitude source region.     Sub- 
sidence was accelerated greatly on 
the next day coincident with the intense 
cyclogenesis  (fig. 8. 9). 

Jet Stream Models:   from this sequence 
an energy source for the cyclone 
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formation may be postulated.     The 
part played by the jet stream,   espe- 
cially center J2,   apparently consisted 
in first intensifying the mid-tropo- 
spheric baroclinic zone by superimpos- 
ing northerly winds on the cold-air 
reservoir in Canada and then providing 
a mechanism which initiated rapid 
release of potential energy just follow- 
ing the maptime of figs. 7.2,   8. 3 and 
8. 8.    No claim can be made that this 
mechanism is fully understood,   but it 
will be of interest to examine situa- 
tions as illustrated here,   from the 
viewpoint of vorticity advection and 
pressure changes  (for references see 
Petterssen 1956).     This reasoning is 
concerned with the relation between 
the change of absolute vorticity of air 
particles and the field of divergence, 
a subject treated by Rossby (1940). 
For the present purpose,   it will suf- 
fice to restrict consideration to the 
high troposphere. 

Assuming conservation of poten- 
tial vorticity,   air moving toward 
higher absolute vorticity will converge 
and air moving toward lower absolute 
vorticity will diverge horizontally.    It 
was demonstrated in Chapter II that 
air in jet streams travels through the 
velocity field ■which,   in turn,   propa- 
gates relatively slowly.    Such relative 
motion was true even for the fast 
moving high-speed centers of 16-20 
November 1958.     Air will pass from a 
ridge to and through a trough while 
the latter is displaced very little.    As 
a rule we can therefore use the instan- 
taneous streamlines as an indication 
whether air in the core is moving 
toward higher or lower absolute 
vorticity. 

Consider the model of fig. 8. 10 
(Riehl et al 1952).     "West of the trough 
the air moves from low to high 

relative vorticity because anticyclonic 
flow curvature changes to cyclonic 
curvature along the path,   while the 
opposite holds east of the trough. The 
change in latitude tends to offset the 
relative vorticity gradient but this 
gradient normally is much stronger 
than that of the Coriolis parameter 
along the streamlines in the high 
troposphere when the wavelength is 
short,   in the range 1000-3000 km.    It 
follows that high-tropospheric air will 
converge west and diverge east of the 
trough,   requiring vertical air motion 
to compensate for the lateral expansion 
or contraction.    Since vertical motion 
tends to dampen out toward the strato- 
sphere,   the direction of vertical dis- 
placement is normally downward where 
high-tropospheric air converges and 
upward where it diverges.     If now the 
convergence takes place in and above 
an airmass that is cold relative to its 
surroundings,   a mechanism for descent, 
initiating release of potential energy, 
is provided by the high-tropospheric 
current.    If,   in addition,   divergence 
occurs in and above relatively warm 
air,   east of the upper trough the total 
release of potential energy in the entire 
wave may become very large. 

Introduction of a high-speed center 
in the trough (fig. 8. 11) modifies the 
foregoing analysis because variations 
in shear must be considered in addition 
to those of curvature.    North of the jet 
axis the convergence west and divergence 
east of the trough will be intensified; 
air moves toward increasing cyclonic 
curvature and shear in sector III,   and 
toward decreasing cyclonic curvature 
and shear in sector I.    Hence the 
release of potential energy through the 
jet stream mechanism will be intensi- 
fied when a high-speed center reaches 
a trough and sector III becomes fully 
superimposed on the polar air mass. 
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South of the jet axis the variation of 
shear is inverse to that of curvature, 
so that the sense of vorticity advection ts 
uncertain and will depend on the rela- 
tive strength of variation of curvature 
versus that of shear along the stream- 
lines.     We may conclude that super- 
position of sector III on the cold air 
mass drawn southward by the jet 
stream over the western United States 
on 17 November 1958 probably was an 
important factor in accelerating the 
potential energy release at the moment 
when the high-speed center passed 
through the trough. 

As noted in Chapter II,   such 
passage of a high-speed center across 
a trough line is relatively rare and,   we 
may now add,   frequently associated 
with severe cyclogenesis.     High-speed 
centers are more frequently encounter- 
ed in ridges; then the model of fig. 8.12 
applies.    Incipient developments begin 
mainly on the warm side of the jet core. 
Using the foregoing reasoning,   the 
principal motion toward lower absolute 
vorticity will occur in sector IV and 
toward higher absolute vorticity in 
sector II of fig. 8.12.    In this arrange- 
ment release of potential energy 
through cold air sinking Is not espe- 
cially favored because sector II is 
normally situated above relatively 
warm air.     Ascent of the warmest air 
in sector IV,   especially when aided by 
release of latent heat of condensation 
and fusion,   can initiate at least a 
moderate potential energy release. 
Actually,   one finds that frequent 
cyclogenesis occurs in this sector, 
accompanied by heavy rains,   but the 
degree of cyclonic development is 
seldom spectacular. 

In summary,   the foregoing 
indicates close coupling between 
cyclogenesis and high-speed centers 

along the jet stream axis; the latter 
act as a kind of starter for cyclone 
formation.     A full understanding of 
the interaction between jet stream 
and cyclones,   however,   has not yet 
been achieved.     Further investi- 
gations of the coupling mechanism 
must be carried out before a complete 
description of this interaction can be 
offered. 

Cloud and Precipitation in Jet Streams 

In the preceding section distribu- 
tions of vertical motion and,   by 
inference,   of clouds and precipitation 
with respect to the jet stream have 
been determined by dynamic reasoning. 
It will now be our purpose to ascertain 
the connection between jet stream and 
weather as actually observed.    More 
evidence has been gathered about 
precipitation than about clouds because 
of the convenient rain gage measure- 
ment.    Nevertheless,   appreciable data 
on clouds associated with the jet stream 
-- particularly cirrus -- have also 
been obtained. 

A Summary Picture of Cloudiness: 
several sources of information on 
cloudiness are available: statistical 
summaries from surface cloud reports; 
observations made by high-altitude 
aircraft,   and time-lapse photograph. 
McLean (1957) has made a survey of 
clouds observed by research flights 
of the United States Air Force with 
B-47 and B-29 aircraft in recent years. 
Flights were made mainly in the 
southern and central United States 
during the colder season.    In spite of 
the extensive data collection the sample 
proved insufficient to treat different 
sectors of jet streams separately; 
results were presented in form of cross 
sections normal to the current. 
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As one might expect,   the statistic 
is most significant for high and 
middle clouds,   especially the former, 
because the observations were made 
from above.     Almost no clouds were 
encountered above the level of 
strongest wind; cirrus generally- 
reached to within several thousand 
feet of the tropopause on the equator- 
ward side of the axis and no clouds 
were observed above the tropopause 
there.     A few clouds were noted just 
above the polar tropopause. 

In the upper troposphere clouds 
were most frequent,   according to 
McLean,   from four to five degrees 
latitude poleward of the core with 
center of cloudiness  10, 000-15, 000 
feet below the core,   and at about the 
same distance equatorward of the 
axis with center of cloudiness 5, 000- 
10,000 feet below the level of strong- 
est wind.   In the two areas of maxi- 
mum cloudiness the cloud frequency- 
attained about 30 percent and the 
frequency of broken or undercast sky 
about 20 percent.     This shows^L-oB-4 

the majority of flights through jet 
streams,   clear skies may be expected 
and that forecasts in terms of partic- 
ulars of the jet stream configuration 
will always be needed. 

A curious thing noted by McLean 
is a nearly cloudless region close to 
the axis itself,   in agreement with 
Vuorela's deductions  (1953) about 
strong localized descent in the center 
of jet streams.    McLean comments 
as follows:    "The Cirrus clouds 
sometimes form in bands parallel to 
the wind immediately south of the 
core with wispy "mares tails" forming 
at an angle to the flow.     On many 
occasions,   the crew members  [of the 
research aircraft]   have reported a 
sharp discontinuity in the cirrus near 

the core with cloudless skies to the 
immediate north.     The observers also 
report that in cases where the cirrus 
extended to the north of the core, 
there is often a narrow break in the 
cirrus at the core itself. " 

The thickness of the cirrus aver- 
aged about 500 feet,   but individual 
layers ranged from a hundred to 
several thousand feet in depth. 

Vorticity Advection:    French and 
Johannessen (1953) attempted to 
determine the distribution of cirrus 
clouds relative to the jet stream 
from vorticity advection considera- 
tions similar to those employed in 
models 8. 10-12.     While they did not 
present a distribution relative to the 
jet stream configuration,   they noted 
that 80 percent of the cirrus clouds 
in the sample of aircraft observations 
used by them occurred in areas of 
advection of cyclonic vorticity. 

Temperature Field Above Core:   a 
method of locating the principal areas 
with cirrus clouds from upper-air 
charts consists in inspecting a con- 
stant-pressure surface above the level 
of maximum wind -- usually 200 mb 
over the United States in winter,   15 0 
mb in summer and along the subtrop- 
ical westerly jet stream.     We have 
seen in Chapters III-IV,   that strong 
lateral temperature gradients often 
occur above the core and that 
streamlines  (contours) may cross 
isotherms at large angles.    Since the 
isotherm patterns normally migrate 
slowly compared to the wind speed, 
the air will blow "through" the centers 
of warm and cold air which,   on a 
constant pressure surface,   are also 
centers of high and low potential tem- 
perature.    Now,   since the air moves 
nearly adiabatically in the jet core. 
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i. e,   on constant potential temperature 
surfaces,   areas of ascent and descent 
can be located from the crossing of 
streamlines (contours) and isotherms. 
Because potential temperature in- 
creases upward,   ascent must take 
place where the streamlines point 
from warm to cold air,   and descent 
where they are directed from cold 
to warm air. 

Ascent may also be inferred when 
a new cold area appears that is not 
traceable from continuity,   and descent 
when a cold area weakens or disap- 
pears.     As we just learned from 
McLean,   such vertical motions do not 
necessarily imply cirrus at the level 
considered since hardly any clouds 
have been found above the level of 
strongest wind in the observation 
programs so far conducted.   Perhaps 
the stratospheric air is too dry; 
perhaps the vertical motion is too 
weak in the existing stable stratifica- 
tion to permit air to reach the con- 
densation level; perhaps suitable 
nuclei are lacking.     However,   the 
vertical motion usually retains the 
same sign through deep layers of the 
troposphere,   damping out mfupper 
troposphere and stratosphere.     Hence, 
the distribution of cirrus in the high 
troposphere often may be inferred 
from vertical motions indicated in 
the lower stratosphere,   especially 
when considered together with the 
vorticity advection pattern.    It will 
be recalled that on 6 March 195 8, 
an isolated warm region was located 
north of the jet stream center at 
200 mb in the Middle West (fig. 4. 7). 
Using the reasoning just outlined,   it 
was concluded that air moving toward 
this warm area from the west was 
descending while air going away on 
the eastern side was ascending.     The 
areas of ascent and descent so 

inferred on that occasion were in accord 
with the cloudiness and precipitation 
distribution observed in the lower trop- 
osphere. 

Cloud Photography: recognition of 
middle and high cloud types and patterns 
associated with middle-latitude jet 
streams is due mainly to systematic 
studies through time-lapse photography 
of such clouds by Schaefer (1953,   1955). 
Initially,   his observations were confined 
to the New England states,   but they were 
later extended to other parts of North 
America and of the globe through an 
extensive program of time-lapse photog- 
raphy from ground and aircraft. 

Schaefer lists four principal types of 
clouds associated with jet streams, 
quoted in the following from his  1953 
paper: 

1. "High clouds  (H4 and H5)--cirrus 
streamers of great complexity moving 
at high velocity and showing long tufted 
streamers,   complex shear lines,   and 
massive whorls. 

2. High clouds  (HQ)--cirrocumulus 
in blanket-like masses scattered in a 
random fashion although sometimes in 
a line showing evidence of being at the 
crest of undulations in the stream. 
Clouds sometimes changing in character, 
shifting rapidly to cirrus streamers or 
showing fine structured waves at very 
high altitude.    Some blankets show high- 
order Tyndall spectra in green,   red and 
other colors when near the sun. 

3. Middle clouds  (M4 and M7) -- 
altocumulus lenticularis wave clouds, 
sometimes in great profusion with 
large lateral dimensions in the direc- 
tion of flow of the stream,   often with 
considerable vertical depths and piling 
up in many layers.    Such clouds show 
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little apparent relationship to ground 
topography,   although they are basically 
"standing clouds" and, therefore, do not 
exhibit rapid movement except when 
snow is shed from them.   When this 
occurs,   long streamers may extend 
downwind for many miles to emphasize 
the high-velocity nature of the air. When 
near the sun, high-order Tyndall spectSTOw 
colors are commonplace. 

4.    Middle clouds  (M3 and M5) -- 
altocumulus.   A billow-type cloud which 
may extend from horizon to horizon 
with the waves in parallel bands at right 
angles to the air flow.   At times the 
cloud sheet may appear as a relatively 
thin layer with the units more cellular 
in form. " 

Schaefer suggests that a jet 
stream core is likely to be situated near 
an observing site when at least three 
of these cloud types are observed. He 
also stresses that it is necessary for 
the clouds to show coherency to war- 
rant such an inference--i. e.  the cloud 
types must occur and recur in broad 
arrays rather than in isolated non- 
recurring patches; further,   that except 
for the lenticular clouds high speed of 
cloud matter must be observed.   Use of 
Schaefer's method is,   of course,    re- 
stricted to periods when lower clouds 
do not obscure the sky and when enough 
moisture is present in the jet stream to 
permit cloud formation. 

Fig. 8. 13 presents a set of pictures 
taken at Schenectady,   New York,  by 
Schaefer on 2 March 1953,   a day on 
which one might have expected clear 
skies over New England from, the sur- 
face map (fig. 8. 14).   A north-south 
vertical cross section,   however, 
revealed the presence of a jet stream 
core just north of Schenectady (Schaefer 
and Hubert 1955).   At 300 mb (fig. 8. 15) 

this current was curving clockwise,with 
highest speeds east and north of the 
observation site.   The latter,   therefore, 
was situated in an area corresponding 
to sector IV of fig. 8. 12,   and the cloud- 
iness can be attributed to high-level 
divergence with ascent occurring in a 
region of advection of cyclonic vorticity. 
Due to the lack of enough 300 mb winds, 
it is not possible to ascertain the max- 
imum core strength with certainty. 
Twelve hours later,  winds of 160 knots 
were observed along the axis over New 
England. 

Outstanding photographs of clouds 
have also been taken along the sub- 
tropical jet stream on occasions when 
this current was located quite far south. 
On 1 April 1953,   for instance,   an ex- 
treme wind concentration along the 
vertical was observed at San Juan, 
Puerto Rico,   in a situation when the 
subtropical jet stream center was 
estimated several degrees latitude north 
of the island (fig. 8. 16).   Although four- 
minute overlapping averages were used 
to eliminate irregularities of the wind 
profile,   the narrow high-speed layer 
of little more than 100 mb thickness is 
spectacular.   An expedition from Woods 
Hole Oceanographic Institution con- 
ducted research aircraft flights in the 
area at that time under the direction 
of Dr.   J. S.   Malkus.   Remarkable pic- 
tures of a row of huge cumulonimbi 
close to the jet axis were observed from 
the aircraft.   One of the aircraft photos 
is reproduced in fig. 8. 17,   taken from 
an altitude of 6, 000 feet.   Fortunately, 
since the clouds were also being photo- 
graphed with time-lapse camera from 
the ground at the same time,   Malkus 
was able to calculate their dimensions 
and the rate of motion of the cloud matter 
(Malkus and Ronne,   1954).   The horizon- 
tal distance from plane  to cloud was 
about 80 miles; the horizontal extent of 
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individual clouds ranged up to 45 miles; 
the leaning towers reached a height of 
over 45, 000 feet.   The altitude at which 
the clouds began to slant strongly, 
agreed well with the sharp shear zone 
of fig. 8. 16 and more precisely with the 
shear of the Puerto Rican rawin 12 
hours later,   which was closest in 
time. 

Precipitation:   In view of the wide vari- 
ety of jet stream structures which 
occur,  precipitation occasionally will 
be encountered in almost any position 
with respect to a high-speed center. 
On the average there should be least 
precipitation in sector III of fig. 8.11 
and in sector II of fig. 8. 12.    In the 
first statistical precipitation study 
relative to jet streams made by Starrett 
(1949),   these different sectors were not 
considered separately.    Instead, 
Starrett computed frequency distribu- 
tion curves normal to the 300 mb jet 
axis for straight and cyclonically 
curving currents over the United States 
in winter.     He found that the highest 
incidence of precipitation almost 
straddles the jet axis,  with slight bias 
to the poleward side (figs. 8. 18-19). 
Even so,   precipitation occurred only 
about 50 percent of the time near the 
axis,  which again indicates that large 
portions of the core are without precip- 
itation.     Twenty-four hour precipitation 
in excess of 4 percent of the monthly 
average occurred on 25-30 percent of 
the dayganalyzed and precipitation in 
excess of 20 percent on 5-10 percent 
of the occasions,  which is rather high. 

Since Starrett's study was made 
over the United States where the jet 
stream oscillates widely from day to 
day,   averages were taken with respect 
to individual jet stream positions.    In 
East Asia the winter jet stream main- 
tains a nearly constant latitude.    There 

it is of interest to compare the mean 
upper flow pattern with the mean 
precipitation pattern of winter (Yeh, 
1950).     The maximum of precipita- 
tion practically coincides with the 
center of the upper jet stream (fig. 
8. 20).    Rainfall decreases northward 
and southward from there but more 
rapidly on the south side.    Concen- 
tration of the precipitation belt is 
evident from the fact that over con- 
siderable areas north and south of 
the jet axis the gradient of mean 
winter precipitation exceeds 20 cm 
in 100 miles.     The remarkable agree- 
ment between precipitation relative 
to the jet in the United States as 
found by Starrett,   and the average 
regional rainfall pattern over China 
relative to the average position of 
the jet stream,   is possible only if 
the latitudinal fluctuations of the jet 
axis over eastern China are restrict- 
ed to very narrow limits,   not only 
from one day to the next but also 
from one year to the next. 

Ramage (1952),   looking at the 
wintertime subtropical jet stream 
from Hong Kong,   comments in ac- 
cordance with Yeh that;  "the jet axis 
coincides with the axis of maximum 
rainfall; for not only do nearly all 
extratropical depressions of the 
region form along the jet,   but they 
also travel for most of their life 
along it. ,r   Further;  "Wide-spread 
subsidence occurs almost everywhere 
south of the jet stream.   .   .   .   over 
our region (southeast Asia) subsid- 
ence is both more intense and more 
confined than over North America. 
Normal subsidence south of the jet 
stream occurs over northwest India, 
but over northeast India and Burma 
juxtaposition of jet stream and con- 
vergent upper southwesterlies seems 
to result in much more vigorous 
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subsidence downstream. " Ramage sup- 
ported his contention that the south- 
westerlies aloft were associated with 
vigorous subsidence south of the jet 
stream by pointing out that in mid- 
winter when southwesterlies predominate 
at 200 mb,   subsidence inversions are 
found in the stratum between 800 mb 
and 300 mb on 90 percent of the days. 
Koteswaram (1953) confirms that 
winter precipitation along the subtropi- 
cal jet stream over India-Pakistan is 
confined to the region north of the 
axis,  with subsidence to the south. 

After recognition of the importance 
of travelling high-speed centers in de- 
termining the distribution of precipita- 
tion,   Jenist^a (1953) computed the 
percent frequency distribution of 
precipitation occurrence in a coordi- 
nate system  centered  on the inter- 
section of jet stream axis and 
300 mb trough for the winter of 1951- 
52.    He distinguished between cases 
when the westerlies were relatively 
strong in high and in low latitudes and 
with this procedure achieved a first 
approximation toward dividing cases 
according to the scheme of models 
8.11-12. 

When the westerlies were rela- 
tively strong in high latitudes,  the distri- 
bution of west wind speed in troughs 
and ridges should resemble that of 
fig. 8. 12; when they concentrate in 
low latitudes the pattern of fig. 8. 11 
should prevail.    Jenista verified that 
this was actually the case (geostroph- 
ically) at 500 mb for the period he 
analyzed.     His results  (fig. 8. 21-22) 
largely corroborate the discussion of 
the models.    Johnson and Daniels 
(1954) analyzed precipitation at se- 
lected stations over Great Britain with 
respect to "entrance" and "exit" zones. 
In the entrance zone,   twice as much 
rain occurred to the right compared 
to the left side of the axis,   looking 
downstream; the reverse held for the 

exit zone.     Thus dynamical calculations 
and observations yield mutually con- 
sistent results,   at least for average 
distributions. 

Clear-Air Turbulence 

Turbulence in clear air in the 
lower troposphere is an event recog- 
nized and studied for many years. 
Usually it occurs with definite and 
well-known features of the flow such 
as unstable air masses,   inversion 
layers and air motion above moun- 
tainous territory. 

With the increasing trend toward 
high-level flying,   clear-air turbulence 
has also been encountered frequently 
in the tropopause region.     This rather 
unexpected discovery has led to 
numerous investigations and several 
observational projects.    As yet,   these 
studies have failed to yield a definitive 
solution on the nature of this turbulence, 
the location of its occurrence and 
therewith also its prediction.     For 
these reasons,   the subject will be 
treated here only briefly,   especially 
as two thorough reviews of the problem 
have been undertaken (Newton, 
Berggren,   and Gibbs,   1958,   Panofsky, 
195 8),  which also contained extensive 
bibliographies. 

The difficulty,   of course,   lies 
first of all in gathering an appropriate 
sample of representative observations. 
Most turbulence reports are based on 
subjective pilot experience.    Pilots 
will differ in their classification of 
turbulence,   and the amount of turbu- 
lence noted by them will depend 
greatly on the type of aircraft they 
are flying.     Turbulence reported by 
one pilot may well not be reported by 
another one for a variety of reasons 
connected with the structural aspects 
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of their ship.    Another difficulty is due 
to the patchy nature of the clear-air 
turbulence.    All reports agree that 
aircraft can enter and leave areas of 
turbulence without evidence of any 
obvious reason for onset or cessation. 
Turbulence prevails most frequently 
in shallow layers less than 500 feet 
thick,  but turbulent layers of several- 
thousand-feet thickness have also been 
encountered (cf.   Bannon,   1952).     The 
three-dimensional structure of the 
atmosphere in the turbulence zone is 
not known except for broad-scale 
aspects which can be deduced in areas 
with rawin-raob networks of the type 
existing over North America and 
Europe.    These reports are insuffi- 
cient to investigate detailed wind 
structures with vertical extent on the 
order of hundreds of feet and lateral 
extent of only miles as apparently is 
necessary. 

With such an observational back- 
ground,   it is not surprising that a 
solution to the problem concerning 
the nature of the turbulence has not 
been found readily.     Even the statis- 
tical computations on the distribution 
of the turbulence leave room for doubt 
as to where the turbulence is most 
likely to occur.    All investigators 
have looked to the jet stream as a 
favorable place for turbulence to 
develop because high kinetic energy 
and large wind shears,   lateral and 
vertical,   are present there.     Yet the 
evidence is not convincing that the 
turbulence is concentrated near jet 
stream cores.    Many flights,   includ- 
ing research flights made in aircraft 
especially instrumented with acceler- 
ometers,   have encountered turbulence 
hundreds of miles distance from jet 
cores while penetration of some 
intense jet streams took place during 
smooth flight (cf.   Riehl,   Berry and 

Maynard,   1955).    Aircraft missions by 
the U.   S.   Air Force Project Jet Stream 
have encountered turbulence in the 
broad belt normal to the jet axis with 
only weak indications of concentration 
about 150 nautical miles to the left and 
300 nautical miles to the right of the 
axis  (Endlich and McLean,   1957). 

The representativeness of all 
statistical summaries has been placed 
in doubt by an experiment of the 
Canadian Air Force,   reported by 
Clodman (1957).    During a brief series 
of missions the aircraft were directed 
on box-type tracks with legs both 
parallel and normal to the wind.     The 
result was that turbulence was noted 
aboard the planes much more strongly 
when flying parallel to the wind than on 
the normal legs.     To Clodman,  this 
suggested anisotropy of the turbulence, 
with the major axis of the turbulent 
area oriented along the wind.     While 
the experiment consisted of only seven 
flights,   it suggests nevertheless that 
the turbulence records in penetrations 
normal to the jet stream may not have 
revealed the true extent of the turbu- 
lence, :p€«^*^s-iMr-p«*iet**feie»s-ae*Kiarl 
to th" jnt Titr^am may rint haaae rjeaeeaLad 
the true oxtont of tha tnrhnlpnrp, 

Some analyses of clear-air turbu- 
lence have .taknc physical hypothesis 
as their point of departure.    The 
Richardson number has been discussed 
on several occasions.     This number is 
proportional to the vertical stability of 
the air and inversely proportional to 
the square of the vertical wind shear. 
If eddies in the vertical plane produce 
the turbulence,   one might look for high 
occurrence where the atmosphere is 
unstable and the vertical wind shear 
large,   that is,   in areas of low 
Richardson number.    This would 
locate the turbulence underneath jet 
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cores where the lapse rate often is 
very steep.   There is some suggestion 
of higher turbulence frequency beneath 
than above the core (Endlich and 
McLean,   1957).   But the frequency 
of turbulence reports above the 
tropopause is sufficiently high that a 
simple calculation of the Richardson 
number from maps and vertical cross 
sections cannot be relied upon for 
proper placing of the turbulence zones. 

In other hypotheses the lateral 
rather than the vertical wind shear 
has been considered.   The work of 
dynamic instability discussed in 
Chapter II has led to a model of turbu- 
lence associated with negative or at 
least zero absolute voriticity.   Accord- 
ing to this model,   particles displaced 
normal to the current in regions of 
dynamic instability,   will tend to con- 
tinue moving farther away from the 
initial position.   If they conserve 
their momentum for a limited time 
during lateral travel,   they will inject 
this momentum into portions of the 
current with different mean momentum 
and hence create small-scale wind 
fluctuations which will be noticed by 
an airplane as turbulence.   Following 
this reasoning,   the turbulence should 
be restricted to the anticyclonic side 
of jet streams.   Contrary to early 

expectations,   however,   turbulence 
if anything,   is more likely to occur 
on the cyclonic side.   According to a 
theorem by Arakawa (1953) turbulence 
should be associated with cyclonic 
shear along the horizontal above 
certain critical limits.   The validity 
of this theorem also is not fully es- 
tablished.   Finallyj.the incidence of 
turbulence^ has also been related to 
high-speed centers along the core. 

The potential mechanisms have 
not been exhausted by the foregoing. 
For instance,   there is also the possi- 
bility of gravity waves along the tropo- 
pause or other stable layers.   It is far 
from certain,   that all turbulence can 
be ascribed to a single generating 
mechanism.   In summary,   aircraft 
entering a jet stream must be prepared 
to meet turbulence without warning in 
any portion of the core and also in 
outlying areas.   This is an unsatisfac- 
tory statement which clearly points to 
the need for an extensive observational 
attack on the problem. 

It should also be mentioned that 
turbulence,   at times dangerous,   can 
also be encountered in the tropopause 
region in jet streams flowing over 
mountain ranges.   This is a large and 
specialized subject,   considered out- 
side the scope of this treatment. 
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Fig. 8.1    Profiles of the westerlies at 700 mb and 300 mb over North America:   a)   6 December 1946;    b)    10 January 
1947;   c)   28 January 1947; and   d)   for nine cases with pronounced jet stream, averaged with respect to 
wind maximum at 300 mb.    Ordinate in drawing   (d)   gives distance from zone of maximum wind at 300 mb 
in degrees latitude, numbers along curves indicate number of observations (Riehl 1948). 

Fig. 8.2   Surface fronts and isobars,  16 November 1958, 0600 GCT; also jet stream axes from Chapter VII.    Dotted 

line is freezing isotherm at ground.    Analysis copied from U. S. Weather Bureau chart. 
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Fig. 8.3   Surface fronts and isobars, also jet axes,  17 November 1958, 0600 GCT. 

Fig. 8.4   Surface fronts and isobars, also jet axes,  18 November 1958, 0600 GCT. 

Fig. 8.5   Surface fronts and isobars, also jet axes,  19 November 1958, 0600 GCT. 
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Fig. 8.6   Surface fronts and isobars, also jet axes, 20 November 1958, 0600 GCT. 

Fig. 8.7   500 mb isotherm (0C), 16 November 1958, 0000 GCT.   Heavy dots 
indicate positions of high-speed centers.    Analysis copied from 

U. S. Weather Bureau chart. 
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Fig. 8.8   500 mb isotherms (0C), 17 November 1958, 0000GCT 
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Fig. 8.9   500 mb isotherms (0C), 18 November 1958, 0000 GCT. 

Fig. 8.10   Model of jet stream without high-speed center executing wave-like oscillation (Riehl et al,  1952). 

Fig. 8.11    Model of jet stream with high-speed center in trough of wave pattern.    (Riehl et al, 1952).    Solid 
lines are schematic streamlines; dashed lines, isotachs. 

Fig. 8.12   Model of jet stream with high-speed center in ridge of wave pattern   (Riehl   et  a!,    1952 ). 
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Fig. 8.13 Photographs of upper clouds typically found in jet streams. The first three pictures were taken 
at Schenectady, N. Y. on 2 March 1953 (cf. Figs. 8.14-15), the last one in New Mexico on 2 May 
1955.    Courtesy of V. J. Schaefer. 
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Fig. 8.14   Surface fronts and isobars,  also jet stream axis, 
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Fig. 8.15   300 mb chart, 2 March 1953,  1500 GCT.   300 
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Fig. 8.16   Vertical profile of wind direction (dashed) 

and wind speed (solid) at San Juan, Puerto 
Rico, 1 April 1953, 0300 GCT.    Four-minute 
averaged winds were used for construction 
of this diagram. 
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Fig. 8.17 Cumulonimbus extending into fast westerly current shown in Fig. 8.16, photographed from an altitude of 6,000 
ft northeast of Puerto Rico on 1 April 1953, camera pointed toward NNE (Malkus and Ronne, 1954) Courtesy 
of Dr. J. S. Malkus- 

Fig. 8.18   Profiles of frequency (per cent) of precipitation relative to quasi-uniform (straight) jet streams obtained by 
averaging from 750W to 1230W along jet axis during the winter of 1946-47.    Curve One includes all 
precipitation, while curves 4 and 20 include only cases of at least 4 or 20 per cent of the monthly normal 
precipitation respectively.    (Starrett, 1949). 
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Fig. 8.19   Profiles of frequency (per cent) of precipitation relative to jet streams with troughs obtained by averaging along 
jet axis from 20° longitude west to 20° longitude east of troughs.    Curves 1, 4 and 20 as in Fig. 8.18 (Starrett 1949). 

Fig. 8.20   Distribution of mean zonal wind speed (knots, solid lines) at 30,000 feet for December 1945 and January 1946; and 
mean precipitation (centimeters, dashed lines) over China in winter (Yeh 1950). 
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Fig. 8.21    Per cent frequency of precipitation over the United States averaged relative to jet stream axis in 300 mb trough 
line when the hemispheric index of the westerlies is above average in low latitudes, (Jenista 1953).    Period of 
study:   November 1951 through February 1952.    Precipitation occurrence defined as measurable amount observed 
during 6 hours ending at 0630 GCT; this interval was centered on the time of the upper-air charts. 
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Fig. 8.22   Per cent frequency of precipitation when the hemispheric index of the westerlies is above average in high latitudes. 
(Jenista 1953, explanation as in Fig.   8.21). 
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Chapter IX 

Climatic Aspects  Of The Jet Stream 

In the course of the foregoing 
chapters various climatic aspects of the 
jet stream have already been treated, 
notably the subtropical jet stream of 
summer and winter.    Features such as 
the relation of jet streams to cyclones 
and various weather phenomena also 
fall under the heading of climatology if 
the broad definition of this subject by 
Jacobs (1947) is accepted.     This chapter 
will be concerned only with a restricted 
part of climatology,   the mean circula- 
tion on hemispheric and regional bases. 

The principal jet stream zones of 
the northern-hemisphere winter in 
middle latitudes and in the subtropics 
were depicted in fig. 1. 2.     Of these cur- 
rents the subtropical jet stream is most 
well-defined and reliable in location. 
No doubt variations occur from day to 
day and from year to year,   but anyone 
laying out a flight route from middle 
latitudes to the equator in winter will 
include interception of the subtropical 
jet stream by the aircraft with a high 
degree of confidence in most parts of 
the hemisphere. 

area where a jet stream is most likelyto 
be found.    The steadiness of the sub- 
tropical jet stream versus the variability 
of the polar jet stream has a profound 
effect upon seasonally-averaged circula- 
tion patterns. 

Mean Circulation 

Fetters sen (1950) has prepared cross 
sections of mean zonal speed for sum- 
mer and winter  (figs.   9. 1-2),  based on 
geostrophic calculations from radiosonde 
data.    Compared to fig.   1. 2 we imme- 
diately see a pronounced difference. 
The cross sections are much simpler; 
they contain only one jet stream in each 
season.    In winter,   latitude and altitude 
of the core agree with the subtropical 
jet stream position,  but the central 
speed is much lower.   In summer,  the 
core shifts poleward by about 15° lati- 
tude,   the core altitude remains nearly 
unchanged and the central speed drops 
to less than 50 percent of that in exist- 
ence during winter.     The altitude of the 
upper limit of the westerlies is consid- 
erably lower in summer than in winter. 

Not so in middle latitudes.    Here 
the current is highly variable from day 
to day,   changing speed,   direction and 
location (cf.   Chapter VII).    At times 
there is no jet stream at all,   and often 
there are only weak fingers super- 
imposed on nearly uniform basic flow. 
Hence a broad band has been drawn in 
middle latitudes in fig. 1. 2 outlining the 

Why the large difference between figs. 
1. 2 and 9. 1 ?    Clearly,   it is due to dif- 
ferences in climatological techniques em- 
ployed in constructing the two charts. 
The question raise din fig. 1. 2 was: where, 
around the globe,   are the principal jet 
streams most likely to be located?    In 
answering this question we attached the 
coordinate system for reference to the jet 
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stream axes themselves.     Quite another 
approach has been used in calculating 
fig. 9. 1.     There the question was: what 
is the mean zonal velocity prevailing at 
a given latitude and altitude in each 
season.     The frame of reference is 
geographically fixed,   and it is insensi- 
tive to the meanderings of jet stream 
cores.    Suppose,   for instance,   that a 
single jet stream of unchanging core 
speed existed and that this current 
occupied with equal frequency all lati- 
tude belts in the course of a season. 
Then,   by geographic averaging,   one 
would obtain a uniform mean wind over 
the entire latitude range frequented by 
the current. 

It is now clear that fig. 9. 1 mainly 
reflects the subtropical jet stream 
because this current is strong,   quite 
stable in latitude and mainly westerly. 
In contrast,   the temperate-zone jet 
streams migrate rapidly across the 
latitude circles and individual currents 
often execute wavelike oscillations of 
large amplitude.    In zonal averaging 
the meridional flow components of the 
jet streams cancel,   and the westerly 
component is spread more or less 
uniformly over the whole latitude range 
of the oscillation.    Palmen (195 la) has 
stated the matter succinctly:   "In order 
to avoid misunderstanding it should be 
pointed out that the upper jet stream 
computed from mean meridional cross 
sections for seasons or longer periods 
is not identical with the 'meandering' 
jet stream associated closely with polar 
front disturbances.     This latter phenom- 
enon can hardly be studied by the aid of 
climatological data,   as Palmen and 
Newton (1948) have shown,   because of 
the strong irregular displacements of 
the polar front and the principal air 
masses. " 

Fig.   9. 1,   of course,   was not cal- 
culated for the purpose of depicting 
jet streams but for the purpose of 
determining the mean distribution of 
the westerlies.     This diagram,   and all 
following figures similarly constructed, 
may be labelled "mean mass-transport 
diagrams".    Perhaps the most sur- 
prising feature of figs. 9. 1-2 is that, 
in spite of the method of averaging and 
of the variability of jet stream posi- 
tions,   definite cores are nevertheless 
observed in the horizontal and vertical 
view even in summer. 

It is evident that the mass transport 
diagrams should be amplified with a 
climatology of a different kind to bring 
out the mean structure of jet streams. 
Jacobs  (1947) has discussed new 
climatological techniques.     There 
exists a wide field of application of 
such techniques to the jet stream;  as 
yet this field has hardly been touched. 
Adoption of coordinates fixed with 
respect to the jet axis--as done by 
Krishnamurti (1959a) for the sub- 
tropical jet stream--is one such tool. 
For instance,   mean location and 
intensity of the polar jet stream should 
not be determined from time-averaged 
hemisphere charts.     A clear picture 
will result if the latitude and speed of 
the jet core are tabulated as a function 
of longitude from daily charts as in 
Chapter VII,   or even from five-day 
mean charts,   and if then averages are 
determined as the mean of these 
tabulations. 

In the following,   only mass-trans- 
port calculations will be treated 
because these are the only ones exist- 
ing for presentation.    Fig. 9. 3 is a 
diagram based on 500 mb hemispheric 
charts from 1946-1951  (U.   S.   Navy, 
1954) which depicts the annual course 
of mean geostrophic west-wind speed 
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on this surface.    The latitude range of 
the strongest wind belt is fifteen degrees 
just as in figs. 9. 1-2,   but the latitude of 
the core itself is five degrees higher in 
fig. 9. 3 compared to figs. 9. 1-2 in both 
seasons.     This lope,   hardly ever ob- 
served in individual cases,   again must 
be attributed largely to the techniques 
of averaging.     The 5 00 mb mean speed 
doubles from summer to winter.    The 
difference between the core speeds of 
fig.   9. 3 and figs. 9. 1-2 is 5 mps in 
summer and 20 mps in winter,   corre- 
sponding to the stronger equator-to-pole 
temperature gradient in the colder 
season. 

Seasonal changes of average jet 
stream position are depicted further in 
figs. 9. 4-5 at 200 mb.    The isotachs for 
these charts were computed with the 
geostrophic formula from mean 200 mb 
contours for January and July,   1949- 
1953.    Hence the result is very similar 
to that of figs. 9. 1-2.    In winter,   the 
subtropical jet stream is delineated by 
the belt of strongest speeds over Africa, 
Asia and the western Pacific.     Over 
North America and the Atlantic the 
mean polar jet stream position is indi- 
cated.    In summer,   a weak maximum 
encircles the hemisphere near latitude 
45°; over southern Asia there is a sug- 
gestion of the summertime easterly jet 
stream in that season. 

Eccentricity of the Westerlies:    Although 
fig. 9.4 shows a mixture of subtropical 
and polar jet streams,   there is generally 
good correspondence with the spiral of 
fig. 7. 12.     As noted in Chapter VII,   the 
belt of -westerlies does not circulate 
symmetrically about the North Pole in 
winter,   but about a "circulation pole" 
which is displaced from the geographic 
pole toward east Asia and the western 
Pacific Ocean (LaSeur,   1954).     On daily 
charts this tendency toward eccentricity 

manifests itself byjet streampositions 
at appreciably lower latitudes in the 
Pacific compared to the Atlantic Ocean, 
often by 20° latitude or more. 

Phase and amplitude of the eccen- 
tricity can be determined for charac- 
teristic features of the circumpolar 
circulation by IBf^t^& of harmonic 
analysis.    Fig. 9. 6,   for instance, 
contains the mean 500 mb height dis- 
tribution for winter in middle latitudes 
as determined from mean charts by 
Bryson et al (1957).    A large oscil- 
lation with wave number one is 
qualitatively apparent in fig, 9. 6 in 
addition to an irregular three-wave 
pattern.    A single wave is also appar- 
ent in a plot of the latitude of the sub- 
tropical jet stream against longitude 
(fig. 9. 7),     The first harmonic was 
computed both for the 5 00 mb height 
in winter and for the subtropical jet 
axis  (fig, 9, 8),     At 500 mb the ridge 
overlies northeastern North America 
while the trough is situated in the Gobi 
Desert,     The first harmonic of the 
subtropical jet stream has an ampli- 
tude of 2. 5"° latitude with phase exactly 
opposite to that of the 500 mb pattern, 
an interesting result in general-circu- 
lation description which has not yet 
been theoretically explored. Residuals 
of both profiles,   after removal of 
mean and first harmonic,   are plotted 
in fig, 9, 9 which also reveals an out- 
of-phase arrangement.    For the sub- 
tropical jet stream a three-wave 
oscillation is clearly discernable.    At 
47. 50N there are also three evenly- 
spaced waves but one of these is 
strongly damped. 

If the 500 mb residual of fig, 9, 9 
may be interpreted as representing the 
mean oscillation of the polar jet 
stream,   one arrives at the qualitative 
picture of fig. 9. 10 after removal of 
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the first harmonic.    Principal inter- 
action between high and low latitude 
currents takes place in the ridges of 
the subtropical jet stream and in the 
troughs of the polar jet stream--pri- 
marily near the Asiatic and American 
east coasts. 

The standing waves must arise from 
some features in the longitudinal distri- 
bution of continents and oceans,   since 
on an earth with uniform surface longi- 
tudinally preferred trough and ridge 
positions could not exist.    In the 
literature,   the standing waves have been 
ascribed to the  location of the principal 
mountain barriers and/or the distribu- 
tion of surface heat and cold sources. 
A one-dimensional integration of the 
barotropic vorticity equation by Charney 
and    Eliassen (1949) yields a remark- 
ably good approximation to the 500 mb 
height profile.    Harmonic analysis,   as 
just applied to fig. 9. 6,   has been carried 
out by Barrett (1958) from 20oN to 70ON 
at intervals of 10o latitude for January 
and February 1949,   at 300 mb.    It 
reveals that the phase of the first har- 
monic changes with latitude,   as evident 
from the perturbation streamline field 
for this harmonic  (fig. 9. 11).     Unpub- 
lished daily 5 00 mb analysis for the 
winter of 1951-52 made at Project 
AROWA of the United States Navy at 
Norfolk,   Virginia,   for the same belt 
have yielded a similar result.     The 
quasi-logarithmic spiral of fig. 7. 12 was 
obtained by drawing a curve through the 
center of the perturbation contours in 
fig. 9. 11,   reinforcing the mean wester- 
lies.    Mean location of the spiralling 
axis of the first harmonic and of the 
actual mean jet stream locations at 300 
mb during January-February,   1949 are 
compared in fig. 9. 12.     The result 
evidently is very good. 

From the preceding analysis two 
major controls of the general circu- 
lation during winter are observed in 
the jet stream layer that could not be 
detected fully until the advent of rawin 
observations and hemisphere-wide data 
coverage in the upper troposphere. 
One of these is the huge spiral extend- 
ing from equatorial to arctic regions, 
the other a standing three-wave pattern 
with phase reversal from polar to sub- 
tropical jet streams.     On account of 
the close relation between jet streams 
and cyclones, one shouldbe able to find a 
reflection of the spiral of fig. 7. 12 and 
9. 12 in the distribution of surface 
cyclonic activity.    Petterssen (1950) 
has determined the belt of most 
frequent weather disturbances in a 
novel way by considering the alterna- 
tion (percent) between cyclones and 
anticyclones.     This indicates the dis- 
tribution of travelling disturbances. 
The ratio of alternation is defined as 
Fc/Fa when Fc

<Fa  or by Fa/Fc when 
Fc  ^Fa,   where Fc and Fa denote the 
percentage frequencies of occurrence 
of cyclone and anticyclone centers, 
respectively,   in a given square with 
area of 10^ km  . 

The result for winter (fig. 9. 13) 
shows a remarkably simple pattern 
except over North America and parts 
of Europe.    Highest rates of alter- 
nation are confined to a narrow belt 
which trends in a spiral-like manner 
from the Asiatic east coast near Japan 
to the polar sea.     The spirals of figs. 
9. 12 and 9. 13 are quite parallel,   but 
there is a latitude displacement in that 
the zone of maximum alternation lies 
south of the spiral in fig. 9. 12.     The 
profound effect of the mean asymmetry 
of the general circulation and its 
associated jet streams on   the mean 
behavior of surface disturbances are 
well brought out by these diagrams. 
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Mean Cross Sections for "Various Longi- 
tudes 

North America:    Following earlier work 
by Willett (1944) and Hess  (1948) new 
cross sections of the mean mass trans- 
port across longitude 80oW (figs. 9. 14- 
15) have been prepared by Kochanski 
(1955).     This is a longitude where a 
mean upper trough is located in winter 
and where the flow is,   therefore,   es- 
sentially from the ■west.     Thus the cross 
sections are normal to the average total 
flow and bring out the mean wind distri- 
bution with latitude.    But the reader 
should remember that the structure of 
the westerlies as portrayed is represen- 
tative of mean trough conditions. 

Figs. 9. 14-15 show roughly the same 
seasonal changes in mean transport as 
noted in figs. 9. 1-2.     The core position 
remains at a nearly constant altitude, 
and the central speed decreases by 50 
percent from winter to summer.     Less 
latitudinal migration of the jet core is 
apparent than in the cross sections of 
Hess,  who had obtained a seasonal 
displacement of 20° longitude.    In the 
winter section,   agreement with the 
location of the mean axis position in fig, 
9. 14 is   not good. 

Central and Eastern Asia;   In this part 
of the world polar and subtropical jet 
streams converge from north and south 
toward the Japanese Islands.     The mean 
circulation is intimately related to the 
huge expanse of the central Asian moun- 
tain complex.     This great elevation of 
land,  with an area of two-thirds of the 
United States above 3 km,   has an approx- 
imately elliptical shape.    The low-tropo- 
spheric air is forced to move around 
the plateau,   and the level of frictional 
interaction between earth and atmosphere 
is raised high.    From Taylor's work 
(1924 and other articles),   and from 

hydrodynamic model experiments in 
rotating fluids with obstacles  (Long, 
1952) we may expect that under the 
conditions prevailing in central Asia 
an obstacle such as the plateau will 
extend its influence throughout the 
fluid,   leading to a split current. 

In addition,   the surface radiation 
cold source is also lifted to high 
altitudes,   so that cold air drainage 
plus subsidence down the mountain 
slopes will occur.     This drainage 
produces a current from which much 
of the winter monsoon over India and 
adjacent waters is derived.     We may 
presume that subsidence is also 
occurring at high altitudes above the 
plateau from continuity reasoning, 
and that this subsidence will keep 
temperatures relatively warm there 
resulting in a reduction of the mer- 
idional temperature gradient.     This, 
in turn,   would support the mainte- 
nance of the split in the westerlies, 
given geostrophic winds in the mean. 

A frequency distribution of jet 
stream positions north and south of 
the mountains deduced from 500 mb 
charts by Ramage (1952) at BQoE 
strikingly illustrates the split (fig. 
9. 16).     According to this figure the 
subtropical jet stream is confined by 
the mountains to a narrow belt,  while 
the latitude of the Siberian current is 
quite variable.     An individual 300 mb 
chart (fig.9. 17) brings out very 
clearly the double current structure 
with nearly calm conditions over the 
plateau and the high-energy flow over 
the Pacific coast of Asia.     The full 
strength of the subtropical jet stream 
is not measured on this chart because 
the altitude is not high enough. 

Several mean cross sections have 
been published from this area.     Of 
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these,   Koteswaram's computations over 
India (1953) have located the subtropical 
jet stream center near 25 0N with a 
speed of over 100 knots  (fig. 9. 18). 
From India this current intensifies 
downstream to the Japanese area.     This 
intensification,   shown in an analysis of 
mean 12 km isotachs (fig. 9. 19) by Mohri 
(1953),   cannot be attributed entirely to 
the plateau but must be the result of 
inflow of air from the southwest out of 
the equatorial trough zone as described 
by Ramage (1952).    Along the Asiatic 
east coast (fig. 9. 20) the mean jet stream 
speed in winter is among the highest in 
the world (Staff Members,   Academia 
Sinica 1957).     The summer profile of 
westerlies  (fig. 9.21),   in contrast, does 
not differ much from that at 80o'W. 

Europe:    A mean cross section,   con- 
structed for the Greenwich meridian 
for February 1951  (James  1951) shows 
a broad flat maximum of 70 knots in the 
vicinity of 40o>N (fig. 9. 22).     The broad 
center and low speed in this cross 
section compared to the  preceding 
winter sections may be attributed to 
large north-south fluctuations of the 
jet stream over western Europe,   not 
to weaker intensity of individual cur- 
rents in that part of the world. 

Southern Hemisphere:   Mean winter and 
summer sections for the southern 
hemisphere have been computed along 
150oE and 170°^ (figs. 9. 23-24).    It 
is interesting to note that winter con- 
ditions differ little at 170° E in the 
southern hemisphere and 800W in the 
northern hemisphere,   even though one 
longitude extends over an ocean and the 

other crosses the eastern part of a 
continent.    Intensity and mean altitude 
of the core are about equal,   but the 
southern current lies a little closer 
to the equator on the average.   The 
dominance of the subtropical jet 
stream is even stronger in the 
southern than in the northern 
hemisphere.    During summer a 
double structure of the mean core 
is apparent at 170oE,   presumably 
showing polar and subtropical jet 
streams,   since the latter does not 
disappear during the southern 
summer. 

Radok and Grant (1957) have dis- 
cussed further the 200 mb mean 
flow over the Australia-New Zealand 
region, especially seasonal variations 
and anomalies.    Some of their con- 
clusions follow: "The high-tropo- 
spheric mean flow over the region of 
Australia and New Zealand,  while 
simple by northern hemisphere 
standards,   shows clear deviations 
from the zonal model often assumed 
for the southern hemisphere.     The 
majority of the flow distortions 
observed during the period from 
September 1949 to August 1952 
appears to have been caused by 
transient disturbances; the more 
significant remainder included anti- 
cyclones which appeared in low 
latitudes over the Australian con- 
tinent at the beginning of two out of 
three summers,   and diffluence-con- 
fluence patterns in preferred blocking 
regions south of the continent and 
near New Zealand ". 
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Fig.    9.1   Mean zonal component of the geostrophic wind (knots) in winter, averaged over the Northern Hemisphere (Petterssen, 

1950). 
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Fig.    9.2   Mean zonal component of the geostrophic wind (knots) in summer, averaged over the northern hemisphere (Petterssen, 

1950). 
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Fig.   9.3   Seasonal course of geostrophic zonal    flow (mps) at 500 mb, averaged around the northern hemisphere.    (U.S. Navy, 
1954).    Heavy line denotes latitude of strongest speed. 
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Fig.    9.4   Mean 200 mb isotachs (knots) for January 1949-53 (Wege 1957). 

122 



fe--10 

/\Jl             n 

/ 

 ^s 

^^^^ 

\( r^^mj ̂ rA 
(     /    JS + * ^^i' #ri\\" 

\ A   M |     tif*\     X3s arrf \ l\ ̂^^^v** ̂ ^ ?w 
^r^5 ̂ iSll^k^ 

^0' -~Z3i^^ 
rs^L-^--^^ ^ferT 

Fig.   9.5   Mean 200 mb isotachs (knots) for July 1949-53 (V.ege 1957). 
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Fig.   9.6   Mean height of the 500 mb surface as a function of longitude at Latiude 47.5° N in winter ( from Bryson et al, 1957). 
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Fig.   9.7   Latitude of the subtropical jet stream axis during winter as a function of longitude (Krishnamurti,  1959a). 
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Fig.   9.8   First harmonic of the curves in figs. 9.6 and 9.7. 

124 



RESIDUAL 

„ 200 500 mb    Winter 

E ^'"v 

(d
yn

a
m

ic
 

o
 /-^           s            \ 

\ /      \y 
-200 ^^ 

180 90 W      0      E 90 180 
Longitude    (°) 

Fig.   9.9    Residual of the curves in figs. 9.6 and 9.7 after removal of mean and first harmonic. 

Fig. 9.10   Model of interaction between sub tropical and polar jet streams. 
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Fig. 9.11    Perturbation contours (feet) of first harmonic at 300-mb, January - Febuary 1949 (Barrett, 1958). 
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Fig. 9.12     Mean jet stream axis (solid) and axis denoting maximum westerly perturbation velocity from fig.9.11 at 300 mb, 

January - February 1949 (Barrett, 1958). 

Fig. 9.13   Rate of alternation (per cent) between cyclones and anticyclones during the winter season, indicating the distri- 
bution of travelling disturbances.    The ratio of alternation is defined as the ratio (F  /F  ) when F < F  , or by 

c      a c       a 
(F/F ) when F > F   where F   and F   denote the percentage frequencies of occurrences of cyclone ond anticyclone 

centers, respectively, in a given 100,000 km square (Petterssen, 1950). 
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Fig. 9.14   Mean zonal wind speed (knots) at 80° Win winter (after Kochanski, 1955). 
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Fig. 9.15   Mean zonal wind speed (knots) at 80° Win summer (after Kochanski,  1955). 
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Fig.  9.16   Percent position frequency of jet streams as deduced from 500-mb charts in 1949 and 1950, and topographical sec- 
tions along longitude 80 "E (Ramage, 1952). 
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Fig. 9.17   300-mb contours (lOO's feet, base 20,000 feet) for the Asiatic continent, 24 February 1958. 
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Fig. 9.18   Mean distribution of geostrophic zonal wind component (mps) over India in winter (Koteswaram 1953). 
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Fig. 9.19   Distribution of mean west wind speed (mps) at12 kms over the Far East in winter (Mohri,  1953). 

Fig. 9.20   Distribution of mean zonal west wind speed (knots) and temperature (0C) along longitude 120oE in winter (Staff mem- 
bers,  Academia Sinica,   1957). 
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Fig.  9.21   Mean zonal wind speed (knots) and isotherms (0C) along longitude 120° E in summer, (Staff members, Academia 
Sinica, 1957). 

Fig. 9.22   Distribution of mean zonal geostrophic west wind speed (knots) along Greenwich meridian for February 1951 (James, 
1951). 
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Fig. 9.23    Distribution of mean zonal geostrophic west wind speed (knots) and temperature (0C) along l70oE in southern hemi- 
sphere, winter (Hutchlngs,  1950). 

131 



BOUGANVILLE 

GUADALCANAL 

Fig. 9.24   Distribution of mean zonal geostrophic west wind speed (knots) and temperature (0C) along 170oE in southern hemi 
sphere, summer (Hutchings, 1950). 
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Chapter X 

High-Level Wind Analysis 

The decade of the igSO's has 
■witnessed the advent of routine weather 
analysis and forecasting by machine 
methods.    In view of the  multitude of 
considerations and the wide range of 
experience that may be brought to bear 
in qualitative analysis,   it is debatable 
whether numerical analysis can fully 
compete with the personal output of a 
highly skilled analyst.     Little doubt, 
however,   exists that even the most 
experienced staff at a major weather 
analysis center will find it increasingly 
difficult to handle the rapidly expanding 
volume of observations with qualitative 
techniques.     The number of radiowind 
stations and the height attained by 
balloons is increasing in many parts 
of the globe.     The area covered by 
maps is also expanding as the questions, 
to which answers are demanded from 
meteorologists,   more and more con- 
cern continental or intercontinental 
needs and problems.    With the rise of 
jet aircraft,   there is every necessity 
to disseminate high-altitude charts as 
quickly as possible for flight planning. 
It must be recognized that machine 
processing is the only presently known 
technique that can satisfy the mounting 
requirements on meteorological infor- 
mation. 

Although the general trend for 
development of meteorological analysis 
tools by machine is readily discernible, 
few machine analyses have actually 
been performed above 500 mb at the 

time of this writing.     Hence the follow- 
ing discussion of numerical proce- 
dures necessarily has to have a 
somewhat prognostic character. 
Nevertheless,   there appears to be no 
longer any point in writing a chapter 
concerned with qualitative means of 
preparing high-level wind charts.    For 
a discussion of such techniques,   the 
reader is referred to the first edition 
of this volume,  which contains detailed 
instructions for high-altitude wind 
representation by qualitative methods 
which cannot be improved materially 
at this juncture. 

In this chapter the following topics 
will be considered: 

1. Evaluation of balloon soundings 
2. Secondary wind fluctuations 
3. Layer-of-Maximum-Wind (LMW) 

parameters 
4. Objective analysis of LMW and 

constant pressure charts. 

Evaluation of Balloon Soundings 

While many types of wind measur- 
ing equipment are in service around 
the globe,   only the GMD-1A of the 
United States weather services will be 
discussed as an example.    It is recog- 
nized that newer equipment will super- 
sede the GMD-1A; nevertheless,   the 
type of analysis here offered is con- 
sidered to be generally applicable to 
wind measuring equipment. 
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When scanning teletype reports of 
high-tropospheric winds in jet stream 
regions,   or when inspecting upper-air 
charts such as the 300 mb surface,   one 
notes quickly that wind directions pre- 
sent a smooth and consistent appear- 
ance.     The direction changes very 
slowly with altitude,   if at all,   through 
the jet stream;  spatial changes occur 
in well-ordered broad-scale arrange- 
ments.    In contrast,   speeds vary 
irregularly with height and also 
laterally,   so that the jet stream core 
may not be readily apparent.     Qualita- 
tive isotach analysis has at times pro- 
duced complicated patterns featuring 
several closely adjoining narrow wind 
maxima whose reality may be doubted. 

As an example of irregular wind 
distributions,   fig.   10. 1  shows the 
rawin ascent for Washington,   D. C. , 
on 31 December 1958,   2300 GCT. 
Only speeds are reproduced because 
the direction varied slowly and regu- 
larly with height.     With strong winds 
small variations of direction are nor- 
mal.    Speeds fluctuated only slightly 
up to 30, 000 feet; from there upward 
the amplitude of the oscillations in- 
creased to become large above 35, 000 
feet. 

The example chosen is by no 
means an extreme one.    It is one of a 
series of soundings taken near 
Washington,   D,   C. ,  which were ana- 
lyzed in detail by Riehl and Mihaljan 
(1959).     The elevation angle remained 
between 7° and 9° above the horizon 
upward from 30, 000 feet and the wind 
fluctuations were not nearly as large 
as found in some other ascents.     Even 
so,   the magnitude of the fluctuations 
approached that of the wind itself in 
the upper part of the run.    If such 
speed variations had to be accepted as 

real,   there would be little prospect of 
successful wind forecasting or flight 
planning.    In an analysis of earlier 
Washington soundings Reiter (195 8) 
made an interesting observation.    He 
plotted the wind profile as given by 
the teletype message.     Then,   using 
the detailed minute-by-minute values 
of the ascent,   he plotted the profile 
that would have been transmitted on 
teletype if by international agreement 
all standard levels were raised 500 
meters.    Above 25, 000 feet a totally 
different curve resulted.     Evidently, 
if the reported winds are to be taken 
as representative,   the wind profile 
deduced from a teletype message must 
not be sensitive to such minor changes 
in choice of standard altitude to be 
reported. 

It is plausible to assume that at 
least the major part of the oscillations 
of fig. 10.1 and similar soundings is 
due to instrumental short-comings. 
Arnold (1954) and Lettau (1955) have 
commented on erratic balloon behavior 
at high levels suggesting that it might 
be produced by instabilities inherent 
to the system of balloon and train 
rather than by turbulence.    In addition, 
it is resonable to suggest that,   since 
with strong winds the elevation angle 
of balloons decreases rapidly,   changes 
in this angle produced by "hunting" of 
the target by the instrument,   or 
inertial periods of the equipment, 
produce fictitious variations in wind 
speed. 

For purposes of analysis on the 
synoptic scale some smoothing of the 
vertical wind profile is necessary. 
Suppose the ascent at Norfolk,   Virginia, 
late on 31 December 1958,   showed a 
maximum speed at 45, 000 feet where 
in fig. 10. 1 there is a minimum. 
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Evidently it would not be satisfactory 
to plot these two 45, 000 foot winds on 
a chart and assume that they indicated 
the true wind shear between Washington 
and Norfolk.    In the past vertical pro- 
files have been smoothed by fitting 
qualitative curves to the teletype mes- 
sages,   but this procedure certainly 
is not the best one open to the meteor- 
ologist.     Logically,   the complete 
minute-by-minute sounding must be 
utilized and a quantitative technique 
employed for high speed processing. 

Riehl and Mihaljan (1959) found 
that even strongly oscillating ascents 
can be reduced to an orderly behavior 
with harmonic analysis.     For the 
sample of the Washington soundings 
they studied,   initially the amplitude 
of the first ten harmonics was com- 
puted as illustrated in fig. 10. 2 for the 
sounding of fig. 10. 1.    The lower wave 
numbers produced the general outline 
of the profile wanted for horizontal 
analysis while the higher frequencies 
produced the wiggles to be suppressed. 
Satisfactory results were obtained by 
eliminating all frequencies above the 
first minimum in amplitude,   i. e. ,   all 
wave numbers greater than five in fig. 
10. 2.     Original and smoother sound- 
ings are reproduced in fig. 10. 3. 

As yet,   it is not certain whether 
this technique is the best one which 
can be devised.    But the procedure 
in general is of a type that must be 
applied to balloon ascents in order to 
obtain constant-pressure or LMW 
winds suitable for determining the 
lateral wind distribution over large 
areas. 

Secondary Wind Fluctuations 

equipment someday will become so 
perfect that the true vertical wind 
profile can be presented in detail. 
Even in that event it will be appropri- 
ate to carry out the mechanical 
smoothing procedure just outlined.    It 
is a well-known and fundamental rule 
of analysis that data must be repre- 
sentative of the scale (time or space) 
for which analysis is to be performed. 
Many eddy scales usually are superim- 
posed in the atmosphere.     Those which 
have a magnitude smaller than the one 
to be considered must be treated as 
"noise" and suppressed.     This prin- 
ciple is always applied in surface wind 
and isobaric analysis.     Observers do 
not report the instantaneous gust when 
taking a synoptic observation,   but the 
mean speed over some time.    In 
drawing surface isobars,   smooth 
curves are always fitted to the obser- 
vations. 

The true micrestructure of the 
upper atmosphere must be similarly 
suppressed for synoptic analysis of 
the jet stream.    For rawinsonde data 
only vertical averaging--or rather 
averaging which follows the slanting 
balloon path--can be executed.    If, 
for some reason,   the microstructure 
is independent of the path of the 
balloon or the vertical extent of a 
perturbation very large,   complete 
elimination will not be possible.     This 
situation,  however,   need not be ex- 
pected to exist a priori.     While thor- 
ough tests have not been conducted for 
the high troposphere,   experience in 
other layers suggests that the wave 
length of the microstructure along the 
balloon track is likely to be suffi- 
ciently small to be mostly eliminated 
by smoothing as in fig. 10. 3. 

It may be--and one hopes that it 
will happen--that balloon sounding 

Such smoothing need not prevent 
information on true microstructure 
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from reaching forecast offices where, 
at times,   an index of wind variance as 
observed by balloons and its synoptic 
distribution may be desired.    Such an 
index would be furnished by a function 
of the form 

'! -J (Vi2 - V0
2), 

where V^is the unsmoothed,   and Y0 ,   the 
smoothed wind; the bar indicates aver- 
aging over some depth,   say the LMW. 
Considering that turbulence may be 
related to the energy of the small-scale 
wind variations,   it may also be of 
interest to calculate the index r-? = 

(Vj   - V0  ) which is proportional to the 
perturbation kinetic energy.   Both r j and 
Ty may be normalized by dividing by 
v  or K,   the mean speed or kinetic en- 
ergy through the depth over which the 
averaging has been performed.    Evi- 
dently,   these indices will be of value 
only for soundings where observational 
errors produce a lower order of vari- 
ance than the true microstructure.     The 
best estimate that can be made at pres- 
ent is that the order of magnitude of 
the true noise is  10 percent of the wind. 
This means that a high order of wind 
measuring accuracy will have to be 
achieved for the above indices to be 
meaningful. 

Turning to lateral microstructure 
some data have already been shown in 
fig. 4. 8.    Saucier et al (1958) have 
analyzed the microstructure determined 
from research flights by the U. S.   Air 
Force; the U.   S.   Navy (1959) has pub- 
lished a summary of research missions 
carried out under Naval auspices.    Fig. 
10.4 may serve as further illustration 
of horizontal wind variations.     On 
1 November 1954,   a B-47 research 
airplane of the United States Air Force 

made two fast round trips on the south 
side of a jet stream over the eastern 
United States.     The wind measuring 
equipment did not fully possess the 
accuracy of the Doppler radar navigation 
equipment,   but the profiles may be ac- 
cepted as quite reliable.     As readily 
seen from fig. 10. 4,   the two round trips 
establish the mean wind profile very 
clearly on each meridian.     The mean 
wind distribution is best represented by 
straight lines,   shown on the right hand 
side of the diagram.     The drawing indi- 
cates that the wind speed decreased 
uniformly by 9 knots from 83. 50W to 
810W,   that the current was not of excep- 
tional strength and that the lateral shear 
was relatively small--only two-thirds of 
the Coriolis parameter.     While not indi- 
cative of extreme jets,   the case may well 
be representative of average conditions. 

The index rp   defined above,  when 
applied to lateral coordinates in fig. 10. 4, 
was 4. 7 percent at 83. 50'W and 9. 6 
percent at 81° W after normalization, 
therefore,   of the order of magnitude 
found for microstructure in the lower 
layers of the atmosphere.     One may wish 
to relate the downstream increase in 
microfluctuation's to the decay of kinetic 
energy of the mean current,   assuming 
that there really was a decay and that the 
difference of 9 knots between the two 
wind profiles at 83. 5°W and 81°W did not 
simply arise from vertical displacements 
of the jet core.    Using the index r? the 
perturbation kinetic energy was 1. 7 
percent of the mean kinetic energy at 
83. 5° W and 4.4 percent at 81° W.    Since 
the mean kinetic energy itself decreased 
by 22 percent in the 2. 5"-longitude inter- 
val it is very likely that this decay re- 
sulted almost wholly from work done 
against pressure forces and that the down- 
stream increase in kinetic energy of the 
microstructure cannot be related readily 
to the change in mean, kinetic energy. 
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No doubt larger fluctuations are 
encountered,   for instance in thermo- 
dynamically unstable air or in shallow 
layers along temperature inversions. 
But it is believed that the foregoing 
computations are reasonably repre- 
sentative of the variance to be reck- 
oned with in average situations.     A 10 
percent indeterminacy of the synoptic 
high-level wind at any altitude due to 
real noise must be accepted in all 
operations making use of such winds. 
Awareness of this indeterminacy was 
one of the principal considerations 
that prompted introduction of the con- 
cept of the LMW.    In the following, 

'rocuemiroc for determining the LMW 
parameters will be taken up in some 
detail,   but it should be pointed out 
that techniques similar to those de- 
scribedhere canbe appliedto any layer 
for which integration is desired. 

LMW Parameters 

As an example of wind data as 
reported over teletype,   fig. 10.5 con- 
tains plots of all wind soundings used 
for construction of fig. 4. 1,     As long 
as qualitative analysis is necessary, 
the type of work chart^ shown in this 
figure is recommended since it per- 
mits spatial comparison of the vertical 
profiles,   and therefore enables the 
meteorologist to carry out a type of 
three-dimensional analysis.    If,   in 
addition,   the preceding chart is hung 
up behind the analysis desk,   all four 
dimensions are available for conven- 
ient inspection.    The purpose of LMW 
analysis is to reduce by one the number 
of dimensions with which the forecaster 
has to deal.    Four types of soundings 
are encountered in fig. 10. 4,   and these 
are the ones that are typically found 
in all situations.    A few of the soundings 

of fig. 10. 4 are repeated in larger 
format below. 

Complete Soundings with LMW(WBC in 
fig. 10.6,   cf.   also fig. 4. 2): 

Mean wind direction and speed, 
height and thickness of the LMW 
have been determined from a curve 
fitted free-hand to the reported data 
points.    It is considered that an LMW 
is present when the mean speed is at 
least 60 knots and the thickness of the 
layer no greater than 15, 000 feet. 
Should smoothing of the original data 
by means of high-speed computers, 
proposed above,   become reality,   the 
qualitative construction of curves will 
be eliminated.    Moreover,   it will be 
easy for a computer to determine also 
the LMW parameters eliminating all 
qualitative steps. 

In the original concept of LMW 
analysis it was hoped that it would 
suffice to consider merely soundings 
with complete LMW characteristics, 
to reject all other data and to confine 
the analysis to areas with LMW.   This 
concept has had to be modified.   As yet 
too many soundings even over North 
America are  "short runs",   i. e.   they 
do not penetrate completely through 
the jet stream.   Further,   we also wish 
to develop methods of horizontal anal- 
ysis by means of high-speed computers; 
and,   at least with current knowledge 
and experience,   it is difficult to ap- 
proximate a field of data which is not 
continuous in space,   with numerical 
methods.    For these reasons balloon 
ascents without complete LMW char- 
acteristics have been incorporated 
into the analysis scheme. 

Soundings with Maximum on Profile but 
Thickness Greater Than 15, 000 Feet 
and/or Mean Speed Less than 60 Knots 
(fig. 10.7,   BUF in fig. 10.5). 
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Such soundings will always present 
a smoothly rounded appearance.     The 
height of the strongest wind,   a stable 
quantity in such cases,   is recorded. 
Mean speed and direction are deter- 
mined over a layer 15, 000 feet thick 
centered on the maximum wind.    In 
this way,   by means of placing an upper 
limit on the thickness to be considered, 
all four parameters are given,   and they 
can also be attained with automatic 
methods of sounding evaluation. 

Barotropic Soundings with Uniform or 
Nearly Uniform Speed Along the Vertical 
(fig. 10.8,   LND in fig. 10.5). 

It is recommended to classify an 
ascent as barotropic when the range of 
windspeed from 25, 000 to 50, 000 feet 
does not exceed 30 knots.     Such sound- 
ings then yield only one parameter--the 
mean speed.    For continuity of numer- 
ical analysis in middle latitudes,   it is 
suggested to determine the direction 
from a layer of 15, 000 foot thickness 
centered at 35, 000 feet.     The thickness 
parameter then will be 15, 000 feet and 
the height may be entered as 50, 000 
feet which is to signify that there is no 
maximum wind on the profile.    In other 
seasons and areas alternate suitable 
definitions may be adopted. 

Incomplete Soundings:   Unfortunately 
many ascents do not penetrate to 
50, 000 feet just near jet stream cores 
because of excessive distance of the 
balloons from the observing site.     The 
elevation angle decreases below 66 

above the horizon; for GMD-1A this is 
considered the limit for sounding 
evaluation from instrumental consid- 
erations.    Since the total density of 
upper-air stations at best is marginal 
for jet stream analysis,   it follows that 
every effort must be made to incorpo- 
rate the information from short runs. 

Of course,   only ascents satisfying 
certain minimum conditions can be 
included.     The suggested minimum-- 
again for middle latitudes mainly in 
winter -- is a top of the sounding at 
300 mb (30, 000 feet) or at a height of 
no more than 8000 feet below the esti- 
mated LMW height; the speed should 
be at least 60 knots at this level with 
positive shear underneath.     These 
conditions are not met,   for instance, 
by OKC in fig. 10. 5 which sounding, 
after a scan of the surrounding ascents, 
must clearly be rejected. 

Consider at first the profile for 
PIA (Peoria,   111.,   fig. 10.9).    From 
the earlier discussion of the LMW the 
mean height tends to vary only little 
along the axis.    Hence one may scan 
along the wind direction upstream and 
downstream to determine the mean 
height of the nearest stations with 
complete soundings.     The average of 
these heights should yield the best 
possible approximation for the station 
with incomplete sounding,   usually to 
about 2, 000 feet.    In case of PIA,   a 
mean height of 36, 000 feet evidently 
will be a good estinaate.     Thus the 
sounding practically reached the core 
and upward extrapolation of at most 
1, 000 feet is, required.    Actually,   the 
35, 000 foot wind has been taken as 
maximum wind in fig. 10. 9.     With some 
assumption about the shear above the 
level of maximum wind all LMW param- 
eters can be computed.  In the ab- 
sence of better information,   we may 
assume equal shears above and below 
the level of strongest wind,   or a 
somewhat higher shear above the core 
in view of fig. 2. 4.     Alternately,   the 
form of the profiles of adjoining 
stations may be adopted. 

The case of JAN (Jackson,   Miss. , 
fig. 10. 10) is a little more complicated 
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since the sounding terminated at 30, 000 
feet with indicated LMW height near 
41, 000 feet from neighboring stations. 
Linear extrapolation of the lower 
portion of the sounding leads to a top 
speed of 15 0 knots,   but the slightly- 
rounded profiles in the surroundings 
make a lower estimate more plausible. 
Utilizing the shape of the ascents at 
MGM and FSM,   a peak speed of 135 
knots is obtained.    For direction,   it 
appears best to adopt the direction at 
the top of the sounding.    If nearby- 
stations show consistent turning 
through the LMW,   the same amount of 
turning may be introduced. 

The Tampa rawin (fig. 10. 11) offers 
still another problem.     The shear was 
too small for an LMW,   too  large for a 
barotropic  sounding.     The -wind profile, 
therefore,   must have had the character 
of the second class described above. 
Assuming a height for the maximum 
wind of 44, 000 feet as given by VPS 
and JAX,   the maximum extrapolated 
wind will be 85 knots,   and the average 
wind over a layer of 15, 000 foot thick- 
ness centered at 44, 000 feet will be 75 
knots,   if upper and lower shears are 
equal.     All of these extrapolation 
procedures can be written into machine 
programs. 

Shear Chart:    As an alternative to the 
LMW technique,   it has been proposed 
to compute the mean shear over layers 
of 5, 000 feet thicknesses just below 
and above the level of maximum wind 
(Johannessen,   1956).     This information, 
of course,   is readily obtained from the 
vertical wind profiles; the foregoing 
techniques of vertical extrapolation can 
also be utilized for preparation of 
shear charts.     It must be noted, 
however,   that the accuracy in deter- 
mining the distribution of a higher 
order quantity,   such as shear,  will 

always be lower than that of computing 
the primitive variable,  wind,   espe- 
cially when the latter is integrated 
over a fairly deep layer.    The LMW 
speed and direction should prove to 
be a dependable tool for representing 
the wind field,   as also indicated by 
comparison of LMW winds and air- 
craft winds on coast-to-coast flights 
across the United States  (U.   S.   Navy, 
1959). 

Analysis of Jet Stream Charts 

Numerical Analysis: After thorough 
processing of the individual -wind runs 
as just discussed,   it should be possi- 
ble to obtain reliable horizontal 
analyses through fitting of quadr/atic 
surfaces to the LMW parameters with 
techniques of numerical analysis as 
used at the Joint Numerical Weather 
Prediction Center at Washington,   D. 
C.   (cf.   Gilchrist and Cressman,   1954), 
or modifications of these techniques 
suited for representation of high-level 
wind fields. 

At the time of this writing 
numerical analysis of the LMW is in 
the experimental state.    It will be of 
interest to show one of the early 
attempts.    Fig. 10. 12 contains wind 
direction and speed for the LMW on 
26 December  1958,   1200 GMT.     An 
unusually large number of winds 
appears on this chart,   because the 
rawin ascents were treated with the 
full set of techniques just discussed. * 
A well-marked jet stream overlay the 
southeastern  United  States;   in 

'■'Analysis performed by W.   L. 
Fletcher of American Airlines in a 
course on Advanced Analysis at the 
University of Chicago. 
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Chapter   XII we   shall  consider  the 
energetics   and the  vorticity field 
associated with this current which 
traces out one of the ridges of the sub- 
tropical jet stream.     Quadratic surfaces 
were fitted to the wind field (Riehl and 
Mihaljan,   1959).     The resulting wind 
speed distribution (fig. 10. 13) approx- 
imates the actual speeds quite well and 
the location of the axes of strongest 
speed is nearly identical.    After per- 
fection of the method it should be possi- 
ble to place machine-analyzed LMW 
charts at the disposal of the forecaster 
only a short time after termination of 
the balloon ascents,   given proper high- 
speed communication channels. 

Ocean Analysis:   A main difficulty in 
jet stream analysis consists in extend- 
ing charts across the data-void regions 
over the oceans.    Only limited success, 
if any,   can be expected if techniques 
such as used to obtain fig. 10. 13 are 
applied over oceans where data are 
very scant.    Nor is there much immedi- 
ate prospect for obtaining a first   ap- 
proximation to analysis from forecasts 
which extrapolate wind systems into 
blank regions through the boundaries 
of areas with more plentiful observa- 
tions.    Before this can be attempted, 
it will be necessary to develop adequate 
prediction methods for the areas with 
sufficient data. 

In the following,  we shall consider 
several aids to qualitative jet stream 
analysis over the oceans.    It should be 
noted that in time most of these tools 
probably can be incorporated in quanti- 
tative procedures,   further that detailed 
treatment of the available vertical 
soundings,   as discussed above,  will 
greatly assist in placing isolines over 
oceans. 

(1)    Constant-pressure balloons: 
Since the early 1950^,   a large number 
of experimental balloons,   drifting with 
the wind on selected constant-pressure 
surfaces,   have been released from 
North America and Japan.    Considered 
operational since 1957,   these balloons 
have provided highly interesting infor- 
mation on jet streams.    For an exam- 
ple,   fig. 10. 14 shows a flight from 
Japan to the Atlantic made in the 
middle of November  1957 (Angell,   1958). 
Two waves were clearly traced out by 
the balloon; the second of these,   over 
the western United States,   closely 
resembled in position and amplitude 
the disturbance described in Chapters 
VII-VIII which occurred just one year 
later.    Since the balloon paths give an 
excellent first order approximation to 
the vector component of air trajectories 
in a constant-pressure surface,   the 
flight patterns and the variation of 
speed along a path have considerable 
theoretical interest in addition to 
practical utility. 

Constant-pressure balloons can 
become a major source of upper-air 
information.    Unfortunately,   opera- 
tional use of these balloons is being 
discontinued at the time of this writing, 
and one can only hope that this does not 
mark a pcrmanct decision. 

(2)    Aircraft observations:    The 
past decade has witnessed development 
of Doppler-radar winds and of absolute 
aircraft altimeters which yield the 
slope of a constant-pressure surface 
along a flight path with fair accuracy 
even at 40, 000 feet altitude over water. 
With these advances in technology,   plus 
improvements in telecommunications 
systems,   ocean traverses by jet air- 
craft can become the most important 
source for observations of the jet 
stream,   provided the necessary 
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administrative steps are taken. Indeed, 
one can visualize a situation where the 
density of reports for numerical analy- 
sis from aircraft data over limited por- 
tions of some oceans may well exceed 
that of the North American balloon net- 
work. 

Where pilot reports of wind and 
altimeter correction from such modern 
instrumentation are available-- 
especially if averages over at least 
10-20 miles are reported—a succession 
of such reports will go far in establish- 
ing the wind field around the flight route. 
The value of data from an individual 
flight will vary with the weather situa- 
tion and the course of the aircraft with 
respect to the upper winds. Normally, 
flights crossing a jet stream or a 
trough or ridge will be more useful 
than flights parallel to these features. 
The jet axis can be located and,   given 
temperature measurements with accu- 
racy of the vortex thermometer,   one 
can determine in most cases whether 
the level of maximum wind is situated 
above or below the aircraft.   Lateral 
shears obtained from the aircraft 
usually can be extrapolated for some 
distance along a jet axis. 

(3)   Interpolation formulae: 
Various attempts have been made to 
determine regression formulae for 
the wind distribution across a jet axis, 
criven a wind on the outside of the cur- 
rent and an indication of the position of 
the axis.   Figs.   2, 7-9 are examples of 
straight line or logarithmic approxima- 
tions.   Unfortunately,   such formulae 
have not proved satisfactory for general 
use because of the variability of indi- 
vidual jet stream structures,   not only 
from one current to the next,   but also 
along the axis of one jet stream.   The 
subject,   however,   has not been fully 
investigated and it may well be that 

acceptable methods of statistical inter- 
polation will be found in the future. 

Only one physical consideration has 
been advanced,   discussed in Chapter II, 
which states that the absolute vorticity 
should not become negative.   This rule 
can be expected to hold when measure- 
ments are performed over distances of 
at least 2-3 degrees latitude.   Checks 
should be included in ocean analyses 
to avoid introduction of areas with 
negative absolute voriticity. 

(4)   Pressure-wind Calculations: 
It has been the tendency in this chapter 
to omit winds computed from height 
gradients on constant-pressure surfaces 
in regions with sufficient observations 
for construction of the upper wind field. 
Obviously,   winds are the best input data 
to determine the wind-field,   given ade- 
quate wind measurement.   Calculations 
from a differential field are always sub- 
ject to the errors involved in calculat- 
ing higher order quantities,   even if the 
wind formulae were exact.   As shown 
in several studies (Hovmoeller,   1952), 
gross errors can arise in calculating 
winds in the tropopause region from 
constant pressure data. 

Over the oceans it is not possible 
at present to dispense with winds com- 
puted from the topography of high- 
tropospheric constant pressure surfaces, 
either drawn directly from observations 
or built up by differential thickrfess 
analysis and extropolation from below. 
Comparison of winds measured by air- 
craft and of winds computed from 
radiosonde data over the United States 
(Riehl,   Berry and Maynard,   1955) has 
shown that such calculations are not 
likely to yield good spot winds,   but fair 
average winds over contour intervals of 
600-1, 000 feet can be obtained depend- 
ing on the strength of the contour 
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concentration.   Over the oceans,   it fol- 
lows a fortiori that only mean winds 
over broad bands should be computed. 
A contour interval of 600 feet certainly 
is a minimum along oceanic jet streams 
of middle latitudes. 

Following Righl,   Berry and Maynard, 
the gradient wind approximates the 
actual wind better than the geostrophic 
wind when the current is curved and 
when the calculation is performed over 
a broad belt as just described.   Fig. 
10. 15 shows a scatter diagram of geo- 
strophic and gradient winds vs.   actual 
winds measured by research aircraft 
in 1953,  which supports this contention. 
In this diagram the gradient wind was 
calculated from the contour curvature 
after allowing for the propagation of 
troughs and ridges.   Inclusion of the 
motion of the upper waves leads to a 
better approximation to the curvature 
of air trajectories than the assumption 
of stationary systems. 

For the nearest approach to an 
LMW-type of calculation,   the gradient 
wind may be determined from the 
altimeter correction field averaged 
from 300 to 200 mb in middle latitudes. 

(5)   Single-station data:    Time 
series of weather ship or carrier ob- 
servations at times can provide a 
valuable tool for assessing the high- 
tropospheric flow structure over a 
considerable area around the ship. 
Elliott (1955) has described various 
techniques which permit construction 
of models for a first approximation to 
the larger-scale flow pattern from such 
observations.   In addition,   much may 
be learned by following quantities such 
as the 200 mb temperatures in middle 
latitudes in winter.   Temperatures 
below minus 60° C,   for example,   indi- 
cate that the jet axis is situated to the 

left of the ship,   looking downstream 
along the high-tropospheric wind; tem- 
peratures above about minus 52° C place 
the axis to the right.   In the absence 
of wind data,   it may be assumed as a 
first approximation that the tropopause 
indicates the altitude of strongest wind 
for the polar front jet stream.   This, 
however,   will hold only if a tropopause 
can be readily identified and if it is 
reliably computed,   i. e. ,   not reported 
exactly at one of the mandatory levels. 

Similar reasoning can be applied 
when several ships or an open network 
of the type existing over the Atlantic 
Ocean are available. 

(6)    Low and mid-tropospheric 
observations and forecasts :    Since wind 
direction is almost independent of 
height above about 600 mb in polar jet 
streams,   the direction of the high- 
tropospheric flow usually is well given 
by the 500 mb contour field.   Further, 
the correlation between 500 mb height 
and the thickness of the layer 1, 000- 
500 mb with 300 mb or 250 mb height 
is very high,   so that a fair approxima- 
tion to high-tropospheric contour fields 
can be attained,   given reliable  1, 000 
nab and 500 mb contour fields.   Note 
that these correlations do not hold 
equally well in sunamer and in sub- 
tropical jet streams. 

Using statistical extrapolation, 
contours for the jet stream layer can 
be drawn also from prognostic surface 
and 500 mb charts.   Barotropic 500 mb 
forecasts can be used as an aid in mak- 
ing jet stream prognoses by noting the 
contour direction and the areas with 
contour concentration at 500 mb.   The 
contour field for the jet stream layer 
can be "builltup" from such prognoses, 
often quite successfully. 
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Among other low-level aids,   the 
following may be mentioned: 

(a) Given a surface analysis with 
strong fronts and cyclones,   one can 
usually sketch a jet stream axis from 
the relations noted in Chapter VIII. 

(b) As found by Fletcher  (195 3), 
over the United States the strongest 
wind at 500 mb occurs most frequently 
at the latitude of the zero altimeter 
correction (fig. 10. 16).   This is a rea- 
sonable result since the maximum slope 
of the contours will occur with prefer- 
ence in the middle of the height range 
corresponding to specified climatic 
conditions.   In the high troposphere, 
however,   the frequency distribution 
becomes bimodal (U.S.   Navy,   1959) 
because of the presence of the sub- 
tropical jet stream which often is not 
reflected at 500 mb (fig. 10. 17). 

(c) Pan American World Airways 
(1953) has developed techniques for 
improving the operational use of winds 
by commercial air transport planes 
across the Pacific from data and anal- 
yses as contained in fig. 3. 1.   There, 
the principal lateral temperature gradi- 
ent at 500 mb was found concentrated 
around minus 28° C.   This,   of course, 
is an empirical matter,   subject to 
parametric variation with area and sea- 
son.   On the Tokyo-Hawaii flight route. 
Pan American Airways has noted a 
strong correlation between the strength 
of the winds near 500 mb (often well in 
excess of 100 knots over long distances) 
and 500 mb temperatures.   On the aver- 
age,   winds are strongest along the 
minus  160C isotherm in winter.   Since 
the airplanes carry thermometers, 
pilots normally can tell from the tem- 
perature reading and its time trend 
where they are situated with respect to 
the jet core and adjust their course 

accordingly,   either to take advantage of 
stronger winds or to avoid them.   The 
same technique can be used in analysis 
of charts. 

(7)   Models:   In conclusion of 
this chapter,   it may be worthwhile to 
point out that charts as given in fig. 5. 2 
contain symmetrical wave features to a 
sufficient degree to warrant experimen- 
tation with introdution of wave and 
jet stream models in blank areas.   For 
judgment of the validity of such models 
in individual areas on particular days 
the data in regions with high frequency 
of observations can be examined.   Fea- 
tures such as out-of-phase relation be- 
tween middle latitude and subtropical 
wave trains can be utilized in arriving 
at estimates of the velocity field in 
data-void areas of the subtropics,   as 
can time series when motion of waves 
in steady state can be assumed. 

Fig. 10. 18 shows the flow pattern 
obtained for the southern Pacific Ocean 
from three stations situated in the Solo- 
mons,   Fiji Islands and New Caledonia 
(Riehl,   1954b).   Time sections of these 
winds showed that the equatorward ends 
of troughs in the subtropical jet stream, 
centered in the southern winter between 
25 and 30° S, passed eastward quite 
close to the equator.   The rate of motion 
could be determined from the time sec- 
tions by comparing the time of trough 
passage at one station with the time of 
passage at the other stations.   Holding 
this motion constant and assuming 
steady state,   we can convert the time- 
section data to a space distribution so 
that,  with eastward propagation,  the 
data of the western Pacific "march out" 
into the void of the eastern Pacific as 
shown in the illustration.   Maps arrived 
at in this fashion no doubt will not be per- 
fect, but in many instances the solution is 
likely to be far superior to one obtained 
without the use of any models at all. 
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Fig.  10.1    Vertical profile of wind speed at Washington, D.C. in westerly jet stream, 31  December 1958.   (Riehl and Mihaljan 1959). 
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Fig. 10.2   Amplitude of the first ten harmonies for the sounding of fig. 10.1. 
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Fig.  10.3   Sounding of fig.  10.1 repeated (solid) and computed winds at 
one-minute intervals determined from first five harmonics. 
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Fig. 10.4   Wind profiles determined on anticyclonic side of westerly jet stream over the United 
States on 1 November 1954 by U. S. Air Force B-47 research aircraft.   Double profiles 
obtained from two quick round trips, time separation about two hours. 
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Fig. 10.6  Vertical wind profile at Washington. D. C. (WBC), 6 March 1958, 0000GMT. 
LMW shaded, heavy dot indicates mean speed and height. 
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Fig. 10.7   Vertical wind profile at Buffalo, New York <BUF), 6 March 1958,   0000GMT. 
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Fig. 10.8   Vertical wind profile at Landers, Wyo. (LNDi 6 March 1958,   0000GMT. 
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Fig. 10.9   Vertical wind profile at Peoria, III. (PIA), 6 March 1958, 0000 GMT.   Also portions of wind profiles at FNT and 
TOP, expressed in per cent of the maximum wind at these stations.    Extrapolated part of wind profile dashed. 
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Fig. 10.10   Vertical wind profile at Jackson, Miss. (JAN), 6 March 1958, 0000GMT.   Also portions of wind profiles at FSM 

and MOM, expressed in per cent of the maximum wind at these stations. Extrapolated part of wind profile dashed. 
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Fig. 10.11   Vertical wind profile at Tampa, Florida (TPA), 6 March 1958, 0000GMT.   Also level of maximum wind at JAX 
and VPS.    Extrapolated part of wind profile dashed. 
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Fig. 10.12   LMW winds and isotach analysis (knots), 26 December 1958, 1200GMT. 
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Fig   10.13   Machine - computed wind speeds and isotachs (knots), 26 December 1958, 1200 GMT (Riehl and 
Mihaljan 1959).   Winds omitted in analysis are underlined. 
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Fig. 10.14   Example of transosonde flight made at 300 mb during November 1957 

(Angell, 1958). 
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Fig.  10.15   Comparison of computed winds and of winds observed by research aircraft 
near 300 mb in several jet streams during winter of 1952-53   (Riehl, Berry, 

Maynard 1955).   Left:   geostrophic winds, right:   gradient wind correction 
included.   Cases with straight flow marked by dots, with cyclonic flow by 
crosses and with anticyclonic flow by triangles.   Computed and observed 
winds are means over 300 mb contour intervals of 600 to 1000 feet. 
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Fig. 10.16   Frequency distribution of 500 mb contour height at axis of strongest 500 mb wind from 255 maps, August- 
December 1958, over North America (Fletcher 1953). 
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Fig. 10.17   Frequency distribution of 300 mb height associated with LMW jet stream axes during winter of 1957- 

58, (U. S. Navy, 1959). 
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Fig.  10.18   Flow pattern for southern hemisphere, 25 September - 5 October 1945, extrapolated eastward from 
longitudes 160-170° E using steady state assumption for the data of three stations located 

in the Solomons, Fijis and New Caledonia.   (Rich! 1954b). 
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Chapter XI 

The Jet Stream and Aircraft Operations 

Introduction 

The advent of aerial navigation has 
ushered in an era of increasing depend- 
ence of the navigational science upon 
meteorology.   Discovery of the jet 
stream,   coincident with the development 
of turbine-powered aircraft,   has had 
an impact on aerial navigation that is 
little short of revolutionary.   In mete- 
orological circles,   this impact has 
generally gone unnoticed and has been 
eclipsed by recognition of the jet stream 
as a significant factor in the explanation 
and prediction of weather events. 

To develop an understanding of the 
influences of the jet stream on air- 
craft operations,   various aspects and 
peculiarities of high-performance air- 
craft operating characteristics,   air 
navigation,   air-traffic management, 
air safety,   and related meteorological 
problems must be considered.   Only 
turbine-powered aircraft,   particularly 
the turbo-jet,  will be treated here; the 
major aspects of the problems to be 
taken up apply to a lesser degree to 
other aircraft. 

Aircraft   Operational Aspects 

The operating characteristics of 
turbo-jet aircraft have increased 
already exacting aviation operational 
requirements.   Cruising speed is about 
500 knots and the flight range 3000 n. 
mi.   This magnifies the air navigation 
problems,   compared to those faced in 

dispatching piston-powered planes; air 
safety problems are also increased, 
particularly under instrument flight 
conditions.   Procedures concerning 
safety and efficiency of air traffic are 
complex and require absolute adherence 
to assigned courses and altitudes. 
Positions,   altitudes,   and other condi- 
tions of flight must be disseminated at 
prescribed locations.   Estimated times 
of arrival at various check points and 
at the destination must be accurately 
computed so that the flow of traffic can 
proceed without conflict or delay. 

The relatively high fuel consumption, 
high fuel-to-payload ratio and resultant 
high cost-per-hour of operation of jet 
aircraft require very efficient naviga- 
tional procedures and facilities.   Accu- 
rate wind forecasts play a major role 
in this area.   The cruising altitude 
range of jet aircraft,  between 30, 000 
and 40, 000 feet,   is coincident with mean 
height of the core of polar jet stream. 

Since engine and aerodynamic effi- 
ciency allow little flexibility in choice 
of cruising altitude,   maximum precision 
in preflight planning is necessary.   Jet 
aircraft optimum-cruise techniques 
dictate that any selected flight path 
must have an appreciable rise along its 
course which may be accomplished 
either by a steady climb or in several 
steps.   The cruise-climb is necessary 
because as fuel is consumed,   wingload- 
ing,   angle of attack and attendant drag 
decrease,   and over-all engine and 
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aerodynamic efficiency increase with 
altitude.   Severe economic penalties re- 
sult if jet aircraft cannot cruise-climb 
and must operate at other than optimum 
cruise altitudes.   Only rare conditions, 
determined by analysis of the efficiency 
balance of vertical wind shears in the 
jet stream region against aircraft per- 
formance curvesjwarrant deviations 
from the strict cruise-control require- 
ment^arf (cf,   later in this Chapter). 

It follows from the foregoing that 
(1) the over-all operational flexibility 
of jet aircraft is limited,   (2) the jet 
stream region is the operation environ- 
ment of jet aircraft,   and (3) inflight 
changes or adjustments to flight plans 
are difficult in areas with high traffic 
density. 

Navigational Aspects 

The specific requirements of aerial 
navigation is to delineate that route with 
respect to a ground navigational refer- 
ence system along which a particular 
flight through the air will consume the 
least time or the least amount of fuel. 
The problem of finding the path between 
two points along which a moving object 
in a flowing medium reaches its destina- 
tion in the shortest possible time,   dates 
far back in history.   Navigators of sail- 
ing ships have learned from experience 
about the existence of the Etesian winds, 
the trades and monsoons; they observed 
that easterly winds blow below the horse 
latitudes and westerly winds farther 
poleward. The principle of utilizing these 
winds,   applied many centuries ago,   is 
valid for air navigation as it is for sail- 
ing. 

described the navigation problem math- 
ematically and developed a set of naviga- 
tion equations.   Soon his results were 
developed further along analytical and 
geometric lines  (Levi-Civita,   1931), 
and the relation between this problem 
and Fermat's principal for the propa- 
gation of light in a variable medium was 
described (Frank,   1933). 

The early commerical flights 
crossed the oceans with aircraft whose 
performance was so marginal that it 
was impossible on many occasions to 
conduct a flight unless the aircraft was 
routed so as to take advantage of the 
wind circulation around highs and lows. 
Frequently,   aircraft deviated several 
hundred miles from great circle course 
in order to pass on favorable sides of 
large pressure centers  (fig. 11. 1). 
Such routing,   involving the same prin- 
ciples used by earlier navigators in 
sailing between the Old and New World, 
may be thought of as the first attempt 
at "pressure-pattern flying". 

During World War II,   techniques 
were developed for in-flight determina- 
tion of the geostrophic wind component 
and for approximating the optimum- 
flight path from a weather chart (Bel- 
lamy,   1945).   A ten percent increase 
in payload per month (U. S.   Navy, 
1945) was achieved through the use of 
these methods which were most applic- 
able when the wind field did not change 
too rapidly with time.   It was also dur- 
ing this period that the jet stream was 
discovered by pilots who often found 
themselves stopped and their missions 
disrupted by very fast winds in the 
upper troposphere. 

In the late nineteenth century, 
empirical techniques for most favorable 
ship routing were developed and later 
applied to airships.   Zermelo (1931) 

In the late  1940's Bessemoulin 
and Pone (1949) applied the principles 
of wave-front theory to minimum flight 
planning in order to construct the 
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shortest path between two points.   This 
technique has been used extensively 
for aircraft operating at constant 
pressure-altitude well below the jet 
stream.   Early attempts to apply opti- 
mum navigation techniques to jet air- 
craft were generally unsuccessful due 
to a combination of reasons.   The op- 
erational characteristics of the air- 
craft demanded a three-dimensional 
representation of the wind field at 
cruise altitudes and utilization of non- 
existent three-dimensional flight plan- 
ning techniques.   Subsequently,   partly 
throught the efforts of Reiter (1957, 
1958),   and of Bundgaard (U.   S.   Air 
Force,   1956),   considerable advances 
were made in representing the field 
of motion in the jet stream layer.   In 
effect,   they have reduced the three- 
dimensional flight planning problem to 
a solvable two-dimensional one . 

A navigation evaluation and opti- 
mum flight planning study concerned 
with medium distance and transconti- 
ental air operations in the United 
States was conducted at the Navy 
Weather Research Facility,   Norfolk, 
during the  1956-57 winter season (U.S. 
Navy,   1959).   Operational jet stream 
charts and high-level wind forecast 
techniques were tested with the objec- 
tive of optimum flight planning for mini- 
mum fuel consumptio:.-)..   Both eastbound 
and westbound flights were included. 
During the study minimal flight and 
great circle flight plans were prepared 
from LMW and 200 mb wind analyses 
and prognoses.   Comparing LMW mini- 
mum flight navigation techniques and 
200 mb great circle navigation,   the 
time saving over great circle averaged 
16 minutes for 33 eastbound transcon- 
tinental flights.  On the westbound track 
the average saving was 34 minutes; 
this is exclusive of several westbound 
great circle flights which could not 

fly the entire distance to their destina- 
tion non-stop due to wind conditions. 

In addition to these results,   the 
increase in pre-flight planning accuracy 
achieved by computing minimum flight 
paths utilizing LMW winds vs.   200 mb 
winds was 8 minutes eastbound for an 
average four-hour coast-to-coast flight, 
and 14 1/2 minutes for the westbound 
leg.   Use of LMW winds allowed the 
navigator to take cruise climb into ac- 
count since the forecast wind was for a 
relatively thick layer,   and the cruise- 
climb path invariably lay within this 
layer.   Of necessity 200 mb minimum 
flight computations were for constant- 
pressure flight.   As a part of this pro- 
gram two official transcontinental speed 
records were set between Los Angeles 
and New York.   Optimum flight planning 
utilizing the LMW techniques contributed 
materially to the success of these flights. 

The economic importance of jet 
aircraft navigational planning is signifi- 
cant,   as seen when one converts  15 
minutes flight time of jet transports to 
about 1, 000' pounds of fuel expended and 
considers the equivalent loss of revenue 
payload. 

Meteorological Aspects 

The operational characteristics of 
turbine aircraft do not create radically 
new problems for the meteorologist. 
Clearly,   however,   prediction in the 
upper troposphere requires a dense and 
adequate network of observations there. 
Further,   the advent of jet aircraft has 
lent urgency to the solution of certain 
problems which had already become 
pressing over the United States as a 
consequence of the high volume of piston- 
powered aircraft traffic and related 
air traffic management problems. 
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Wind:    Two aspects of conventional 
meteorological data-gathering, analysis 
and prognosis in the high troposphere 
create most of the meteorological pro- 
blems faced in jet aircraft operations 
and navigations.   In the first place,   the 
availability and reliability of wind ob- 
servations at flight operating levels is 
not satisfactory.   Secondly,  wind fore- 
casts derived from constant pressure 
prognoses,   while generally adequate 
for aircraft operating in the middle 
troposphere,   are not acceptable for 
high speed navigation and air traffic 
control of aircraft flying at jet stream 
altitudes. 

Improvements in the accuracy of 
upper-air observational equipment, 
and in the frequency and spatial density 
of upper-a^r soundings are necessary 
to describe three-dimensional wind 
fields adequately for air navigation pur- 
poses.   Procedures for eliminating spu- 
rious fluctuations in the vertical wind 
soundings and for depicting more accu- 
rately the vertical shears must be de- 
veloped.   Some methods for doing this 
are described in Chapter X.   The pre- 
sent upper-air network of observing 
stations and their spacing in the United 
States may well suit the needs of the 
meteorological services for describing 
the state of the free atmosphere.   In 
many respects,   however,   it is not ade- 
quate to determine the wind field for 
air navigation and air traffic control. 
Many features of the wind field,   partic- 
ularly of the jet stream,   of immediate 
importance for air navigation,   go un- 
noticed.   This is particularly serious 
when one considers that six-hour wind 
changes in excess of 60 knots at jet 
stream levels can occur during the 
winter season (fig. 11.2). 

Upper wind forecasts derived by 
pressure-height prognosis techniques 

do not present the wind field in the most 
useable form for aviation operations. 
Techniques of direct wind prognosis, 
such as have been proposed experimen- 
tally for the LMW (Reiter 1958) must 
be developed and made amenable to 
automatic computer processing.   As 
pointed out by Elsaesser (1957),   mean 
vector errors of 1Z and 24-hour wind 
forecasts at 300 and 200 mb exceed 20 
and 25 knots respectively,  whereas the 
accuracy for air traffic control computer 
system imputs must meet the overall 
system accuracy tolerance of 3 percent 
or roughly 15 knots.   Utilization of per- 
sistence of the wind field at any level or 
in a layer is generally precluded by de- 
lays in procedures for observing,   pro- 
cessing and disseminating upper wind 
data.   Rapid centralized processing of 
basic sounding data and dissemination 
of wind observations would make it 
possible to use the actual observations 
as input for short period planning in 
most situations. 

Constant-pressure balloon and 
Doppler-radar navigation aids point the 
way toward development and utilization 
of horizontal wind reconnaissance sys- 
tems to supplement vertical soundings 
and to aid in providing and accurate three- 
dimensional description of the upper 
wind field.   Comparisons made between 
LMW-smoothed winds,   aircraft Doppler- 
radar winds and winds derived from 
analysis of the 250 mb level over the 
United States  (fig. 11.3) show the con- 
servative realistic nature and relative 
compatibility of Doppler-radar and 
LMW winds. 

Temperatures:   Because of the direct 
relation between air density and the 
performance characteristics of jet air- 
craft,   forecasts of air temperature at 
various pressure altitudes are required 
in addition to the wind prediction.   When 

156 



long distance flights with cruise-climb 
are planned,   the top of initial climb and 
the maximum operating altitude are de- 
termined by the temperature in addition 
to the wind at the top of each climb. 
This affects both flight fuel economy 
and air traffic control altitude clear- 
ance requirements  (fig. 11.4).   An accu- 
racy of i 3° C in forecast spot values is 
required and attainable with convention- 
al forecasting techniques and the fre- 
quency and spatial density of upper-air 
temperature observations over the 
United States.   Aircraft temperature 
observations can be highly valuable in 
describing the temperature field in 
other areas if the aircraft are fitted 
with satisfactory free-air temperature 
measuring equipment. 

Weather:   Prediction of significant 
weather at jet level is a difficult mete- 
orological problem.   As yet,   the de- 
scription of the weather at these alti- 
tudes is very meagre (cf.   Chapter VIII), 
and routine weather reports yield very 
little of practical value about high- 
troposphere conditions.   The meteoro- 
logist is dependent on aircraft reports 
for knowledge of the current situation. 
Extensive research concerning weather 
conditions and their prediction in the 
tropopause region is needed; for the 
utilization of such knowledge establish- 
ment of adequate pilot-to-forecaster 
links is required. 

Forecast Service:    With the arrival of 
jet aircraft the volume of air space in 
which aviation meteorological services 
are required has been doubled. Further, 
the aircraft operate in a region of the 
atmosphere where variable jet-stream 
winds exist and,   as already mentioned, 
a very rapid and efficient service of 
data-gathering,   dissemination,   proc- 
essing and predicting is requisite in 
order to provide meteorological sup- 

port to fullest capacity.   The situation 
clearly suggests the establishment of 
a limited number of meteorological 
of fie e s s olely c one e rned with hi gh altitude 
flight operations,   responsible for fore- 
casting high-level conditions and for 
preparation and distribution of pre- 
flight planning information including 
optimum flight tracks. 

Flight Planning 

Effects of the Wind Field on Aircraft 
Operations:    The effects of the upper 
wind field on jet aircraft operations 
may be separated into two categories. 
Direct effects are produced by the 
large-scale motion of the air; indirect 
effects by phenomena such as clear-air 
and mountain-wave turbulence (cf. 
Chapter VIII). 

The direct effects of the upperwind 
field on flight operations may be enu- 
merated as follows: 

1. The level at which a flight is 
most efficient is a function of the dis- 
tribution of wind with height. 

2. The level at which a flight is 
most effective is a function of the dis- 
tribution of wind with height. 

3. The horizontal wind field 
structure has a helping or retarding 
effect on operations and influences the 
selection of a route. 

Depending upon the final result to 
be attained,   the terms "efficiency" and 
"effectiveness" may be given different 
interpretations.   A three-dimensional 
path may be regarded as the most 
efficient flight path, if along such a flight 
path,   for a given payload,   the fuel con- 
sumption that goes with a certain 
cruising system is minimum. 
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A three-dimensional path between two 
specified points may be considered 
the most effective flight path if,   under 
the limitations imposed by payload, 
fuel capacity and cruising system,   the 
time of travel along such a path is a 
minimum.    Since the relation between 
the fuel consumption and time of travel 
is non-linear,   these two flight paths 
will not coincide ordinarily. ^ 

Optimum Cruise Altitude:    Optimum 
cruise altitude may be determined for 
either efficiency or effectiveness. 

Efficiency of jet operations depends 
to a large extent on air density or, 
roughly,   pressure altitude.    For ex- 
ample,   consider the fuel consumption 
for maximum range power setting (nau- 
tical miles per pound) and true air 
speed (TAS) as a function of pressure 
altitude for the Boeing 707.     Fig.   11.5 
shows that fuel consumption decreases 
appreciably while true air speed in- 
creases.    If fuel expended duringclimb- 
out and variable loading conditions 
are neglected, the Boeing 707 will oper- 
ate most economically near operational 
ceilings under no-wind conditions. 

Fig. 11.6 shows the efficiency,   mea- 
sured in nautical miles per pound of 
fuel consumed,   of the Boeing 707 at 
different pressure altitudes,   as a 
function of headwind and tailwind com- 
ponents.     Where the short horizontal 
line segment joins the 30, 000 and 
35, 000 foot curves,   the efficiency is 
the same at 35, 000 feet with a 50 knot 
wind as at 30, 000 feet with a 100 knot 
wind.     Thus,   between 30, 000 and 
35, 000 feet,   a decrease of tailwind 
of 10 knots per thousand feet is neces- 
sary to keep the efficiency independent 

Aerodynamic and engine performance 
are independent functions of altitude, 
temperature,  wing loading,   etc. 

of height.    Such shears may occur at 
high jet-stream core speeds,   but they 
are rare.    Between 35, 000 and 40, 000 
feet the necessary shear decreases to 
5 knots per 1000 feet. 

Fig. 11.7 depicts efficiency as a 
function of pressure altitude and head 
or tail wind component.     The limiting 
shear for headwind will occur below 
the jet axis and for tailwind above 
the jet axis.     A plot of wind against 
height,   i. e.   a vertical wind profile, 
may be superimposed directly on fig. 
11.7 to determine the optimum cruise 
altitude.     A gain in performance can 
be achieved by climbing if with in- 
creasing altitude the wind profile cross- 
es the performance curves toward 
greater performance values,   while 
nothing is gained if the profile has the 
same or a smaller slope.     Since the 
slope of the Boeing 707 performance 
curve changes markedly above 35, 000 
feet,   vertical wind shears above this 
level can be used to advantage in 
optimum-efficiency cruise planning 
for flights along a strong jet stream 
for this airplane; however,   little can 
be gained by trying to outclimb strong 
headwinds.    It should be noted that 
fuel consumed in climbing is not con- 
sidered in the diagrams. 

For operations that depend on speed 
(effectiveness) rather than efficiency, 
tne vertical wind structure is ol greater 
importance than for minimal fuel con- 
sumption.    In fig.   11.8 the solid line 
denotes the TAS--altitude curve for the 
Boeing 707 with arbitrary zero setting 
at the performance near sea level. 
Maximum ground speed will be realized 
near 20, 000 feet under no-wind condi- 
tions,  but the slope of the entire curve 
up to 35, 000 feet is so weak as to re- 
semble a barotropic wind sounding.    In 
jet stream situations,   therefore,   the 
vertical wind profile will govern the 
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optimum level.    This is illustrated for 
headwind and tailwind in fig,   11.9, 
where again the Seattle sounding of fig. 
Z. 1 has been used for demonstration. 
Concept of LMW:    As demonstrated 
above,   vertical wind shear is impor- 
tant only under extreme conditions for 
jet aircraft seeking optimum efficiency 
cruise.     From investigations conducted 
at the Navy Weather Research Facility 
regarding jet streams and wind shears 
(U.   S.   Navy,   1959),   jet aircraft will 
operate most effectively utilizing 
cruise-climb procedures for no-wind 
conditions 90 percent of the time. 
These investigations further showed 
(fig. 11. 10) that the mean height of the 
LMW was 35, 000 feet and that its 
mean thickness was 8, 000 feet,   which 
includes approximately 84 percent of 
all jet aircraft cruise-climb operations. 
Therefore,   the LMW wind is a naviga- 
tionally useful and effective wind for 
normal cruise-climb operations of 
jet aircraft and,   as indicated pre- 
viously,   it virtually reduces the opti- 
mum flight planning problem to a two- 
dimensional (horizontal) one. 

It was on the basis of reasoning of 
this type that the LMW was originally 
proposed as a meteorological parameter 
suitable to support aircraft operations. 
The reader may also recall what has 
been said earlier about the reliability 
of details of the vertical wind sound- 
ings.    Possible because of the short- 
comings of balloon run evaluation 
possibly also at least in part due to 
actual conditions,   charts depicting the 
vertical shear in the jet stream region 
have revealed highly complex and un- 
steady patterns.    It appears more than 
doubtful that these can be predicted 
with sufficient accuracy to warrant the 
use of predicted shear fields in flight 
planning.    In contrast,   the LMW is a 
conservative parameter; its utilization 

will fully put at the disposal of air traf- 
fic management what meteorology has to 
offer without overstating the meteoro- 
logical capabilityo 

Minimum flight path:    The minimum or 
optimum flight path is defined as a 
minimum time path at the most eco- 
nomic cruising level or levels; in general 
it is not a great circle,   rhumb line,   or 
other simple geometric path with re- 
spect to the ground.     The question 
arises whether it is worthwhile to look 
for path selections alternate to great 
circle for determination in order to 
take advantage of the horizontal wind 
distribution provided by the jet stream. 

The importance of the horizontal 
structure of the wind field depends upon 
total flight time and true air speed 
(TAS) of the aircraft.    An increase in 
track distance by an appreciable devia- 
tion from great circle track must be 
made good by an overcompensating in- 
crease in ground speed.     The percent 
increase of track distance over the 
rhumb line approximating the great 
circle between two stations A and B is 
shown for triangular alternate routes 
in fig. 11.11 and for arc-shape alter- 
nate routes in fig. 11. 12.    Generally, 
the longer the route,   the farther an air- 
craft may deviate from great circle to 
seek more favorable winds for a given 
percentage track increase. 

The geometric relations depicted in 
figs. 11. 11  -  11. 12 are such as to en- 
courage minimal flight planning based 
on the horizontal wind structure.     In 
fig. 11. 11,   for instance,   AS is only 
about 2 percent of L for h = 0. 1  L at 
X = 0. 3.     Given a great circle path of 
2, 000 n. mi the aircraft can deviate by 
200 n. mi.   from this circle with a track 
increase of only 40 n. mi.    If flight 
duration is 4 hours,   the minimal flight 
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path must yield a gain in tail component 
of more than 10 knots in order to make 
the deviation worthwhile.     In view of the 
concentrated isotach patterns observed 
along jet streams  (cf.   Chapter II),   it is 
evident that a much larger gain of tail- 
wind (or avoidance of headwind) can be 
achieved in many situations.    Best re- 
sults will be obtained,   of course,   when 
a strong,   narrow jet stream is present, 
especially when,   along a transconti- 
nental route,   a trough or ridge line 
with jet stream is situated near the 
center of the route rather than at either 
end. 

Air Operations and Air Traffic Manage- 
ment of the Future 

Air traffic management requirements 
have become increasingly complex as 
the number of aircraft and flights have 
been augmented rapidly.    Serious prob- 
lems have been created in maintaining 
systematic and efficient flow of traffic 
through the navigable airspace over the 
United States.     The rapid growth and 
increased complexity of the national 
airway and air navigation system in 
this country has not alleviated,   but 
actually has contributed,   to the satura- 
tion of the  system because inflexibility 
has come with large size and complex- 
ity. 

Any such transportation system must 
allow for and accommodate environmen- 
tal influences on its operations in order 
to function successfully and safely,   par- 
ticularly under saturated conditions. 
The most elaborately instrumented and 
automated Air Traffic  Control (ATC) 
system -will break down unless strong 
external influences can be accommo- 
dated.     A thunderstorm in the vicinity 
of a terminal,   severe icing,   or very 
strong winds at cruise levels can com- 
pletely disrupt an ATC system which 

does not consider them.     Therefore, 
an automated system must be flexible 
enough to program these influences 
into routine system operations.     Such 
flexibility can result in an efficient, 
economical and safe overall operation. 

With due consideration for the jet- 
stream level navigational and opera- 
tional problems discussed previously, 
it is logical to assume that any high- 
level air traffic management system 
envisioned for the future must be flexi- 
ble enough to allow for narrow jets of 
strong wind which move from place to 
place without respecting fixed airways. 
Thus it appears that a floating system 
in which each airway is relocated at 
convenient intervals on the basis of the 
existing or forecast wind distribution 
should come into existence. 

If we consider airspace as a natural 
resource--just as mineral resources 
and even weather itself are natural 
resources—the fixed airway system, 
wherein aircraft separation is obtained 
and maintained by time and altitude 
separation under positive control along 
these airways,   is inefficient and waste- 
ful of this resource.     The off-airways 
portion of the airspace is lost.     Lateral 
separation,   in addition to time and alti- 
tude separation,   accomplished through 
a flexible or floating airway system is 
a "natural"' for high-level jet aircraft 
operations.    In addition such a system 
is practical for medium and long haul 
operations at altitudes above  15, 000 
feet regardless of aircraft type. 

At jet aircraft operating levels,   the 
jet stream wind fields can be utilized 
to great advantage.     Aircraft flying 
downstream can ride thejet,   aircraft 
proceeding upstream can purposely 
avoid it; this by itself will provide 
lateral separation.     For practical 
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purposes,   the various  routes could be 
altered as necessary every 12 to 24 
hours,   or more often as determined by 
changes in the upper flow configuration. 

Under such a system delineation, 
assignment of the optimum route for 
each individual aircraft would be accom- 
plished by the envisioned air traffic 
control system itself wherein winds, 
hazardous weather,   traffic conflicts, 
etc. ,   would be taken into account 
prior to clearing each aircraft.     The 
L.MW type of analysis and optimum 
path navigation method described pre- 
viously are well suited for this purpose. 

An example of operating such a sys- 
tem can be illustrated by a scheduled 
Los Angeles-New York commercial jet 
transport flight.     The airline dispatcher 
would notify the ATC system of sched- 
uled operations of this flight,   cruise 
speed,   and desired altitudes.     The 

ATC system,   through its associated 
aviation weather system inputs,   would 
automatically compute the optimum track 
based on jet-level winds,   hazardous 
weather areas,   terminal conditions and 
other traffic,   and notify the dispatcher 
of planned acceptance time into sys- 
tem,   route,   arrival time,   restrictions 
to cruise altitudes,   and nominal termi- 
nal delays,   if any.    Undesirable take- 
off delays,   circuitous routings,   flight 
through hazardous weather conditions 
and prolonged holding and delays in the 
system would be eliminated. 

This co-ordinated operation,   con- 
sidering air navigation,   traffic manage- 
ment,   and meteorological factors in an 
integrated fashion,   would alleviate, if 
not eliminate,   congestion and tieups in 
the system,   provide increased efficiency 
and economy of operation for the system 
user,   and allow for more complete utili- 
zation of airspace. 
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Fig. 11.1   Schematic illustration of a minimum flight path across the North Atlantic 

for a typical pressure pattern. 

Fig. 11.2   Vertical time section of wind speed (knots) at Portland, Oregon, 25 
February to 4 March 1954 (Reiter, 1957). 
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LONGITUDE 

Fig. 11.3   Compo.it. profile. Flight No. 14, 24 April 1958.   Heavy solid line give, two-minute-averoged 
wind speeds computed from flight data.   Dashed line shows wind speeds along flight track 
obtained from the 1200Z LMW analysis (rig, 6.7)-   Dash-dotted line shows corresponding 
wind speeds obtained from 1200Z 250 mb analysis (fig. 6.6).   Thl^solid line Is cruise-climb 
altitude profile of aircraft.   (U. S. Navy, 1959). 

Top of Climb 

Cold Atmosphere 

Warm Atmosphere 

Take Off 

Climb and top of climb in a cold and worm atmosphere. 

Fig. 11.4   Climb and top of climb in a cold and warm atmosphere. 
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Fig. 11.5   True air speed (TAS) and fuel consumption (naut. mi/lb) as a (unction 
of pressure altitude for Boeing 707, on relative scale with arbitrary 
zero setting (Reiter, 1957). 
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Fig, 11,6   Variation of fuel consumption for Boeing 707 for different flight 
altitudes (pressure altitudes) and wind conditions (Reiter,  1957), 
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Fig. 11.7   Variation of fuel consumption for Boeing 707 as a function of pressure-altitude and head-or-tailwind.   As an 
example, the Seattle sounding of Fig. 2.1 has been plotted both as head-and-tailwind. 
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Fig. 11.8   TAS--pressure-altitude curve for maximum continuous power setting of the Boeing 707 with arbitrary   zero 
setting at TAS near the surface. 

Fig. 11.9   Addition of the curve in Fig, 11.8 and the Seattle sounding of Fig. 2.1 for head-and-tailwind to demonstrate 
determination of optimum flight altitude for maximum ground speed. 
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Fig. 11.10 Frequency distribution of the average 300 mb height along which 
a vertical projection of the LMW jet axis onto the 300 mb surface 
falls. (U. S. Navy, 1959). 

Fig. 11.11    Increase of track distance along a triangular route compared 
to minimum path L (Reiter,  1957). 
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Fig. 11.12   Increase of track distance along an arc-shaped route compared 
to minimum path length L (Reiter, 1957). 
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Chapter XII 

On The Formation And Maintenance Of Jet Streams 

Early intimation of the existence of 
a high-velocity region of limited width 
in the upper westerlies appeared in a 
cross section published in Physi- 
kalische Hydrodynamik (Bjerknes et al, 
1933).     This section revealed that the 
kinetic energy of the westerlies was not 
uniformly distributed over a broad lati- 
tude belt in the high troposphere,   in 
contrast with the lower layers.     Later, 
Willett (1944) published mean cross 
sections for North America which again 
featured definite maxima in the upper 
westerlies.    But the concept of rapid 
narrow currents was sufficiently for- 
eign to meteorology that such evidence 
of the structure of the high troposphere 
did not attract special attention. 

The Work of C. -G.   Rossby 

As  stated in the Introduction,   rec- 
ognition of the jet stream as an impor- 
tant part of atmospheric structure and 
general circulation is due to C, -G. 
Rossby,  whose earlier investigation of 
the Gulf Stream made him aware of the 
importance of narrow,   high-energy 
streams  (Rossby 1936).     In this re- 
markable ocean current situated off 
the coast of the eastern United States 
high-velocity cores with characteristic 
width of the order of only 10 km are 
regularly encountered,   as well known 
by mariners for centuries.    In fig. 12. 1 
a typical example of a narrow Gulf 
Stream has been reproduced. 

Based on his work on the role 
played by conservation of the vertical 
component of absolute vorticity in 
atmospheric dynamics,   Rossby's at- 
tention was later drawn to certain 
solar-rotation data which indicated 
that in the mean this vorticity com- 
ponent was constant over a broad lati- 
tudinal belt on the sun.     These observa- 
tions,   together with the discovery of 
very strong winds in the upper tropos- 
phere of middle latitudes by aircraft, 
suggested the existence of some degree 
of dynamic similarity between the cur- 
rents on sun and earth (Rossby 1947, 
Staff Members  1947).    If so,   the simi- 
larity may be brought out by introduc- 
tion of appropriate scale factors;  Rossby 
proposed the rate of rotation <t> and a 
characteristic length L,     For compari- 
son of bodies of widely different size, 
L may be taken as the radius r of a 
body whose equatorial velocity is 
given by ce = rep.    If the velocities rep- 
resentative of large-scale current 
systems  (u) are expressed non- 
dimensionally by u' = u/ce,   a basis 
for comparing velocity distributions on 
various rotating bodies is established. 
Fig. 12. 2 contains plots of several 
atmospheric jet streams in addition 
to the solar-rotation data; theoretical 
lines  (solid) represent constant absolute 
vorticity in higher latitudes and con- 
stant absolute angular momentum (zero 
absolute vorticity) equatorward of 
latitude 40°.     These theoretical 
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distributions furnish a fair approxima- 
tion to the data shown. 

In noting that the atmospheric jet 
stream in middle latitudes,   just like the 
Gulf Stream,   is an unsteady system 
containing large waves of varying am- 
plitude and wave length,   Rossby suggest- 
ed that these waves contain a mechanism 
for lateral mixing so that ultimately 
the vertical component of absolute 
vorticity becomes constant over a wide 
latitude belt leading to velocity dis- 
tributions as depicted in fig. 12. 2.   The 
equatorial limit of the constant vorticity 
region is attained where the lateral 
shear between winds near the equator 
and those at the edge of the mixing zone 
becomes so large that the velocity 
profile approaches that characteristic 
of constant absolute angular momentum 
or zero absolute vorticity.   As  shown by 
Bjerknes and Solberg (1929) and others, 
air particles or currents displaced 
latitudinally in a constant-momentum 
region will mix freely across the 
latitude circles if the system is steady, 
axially symmetric and horizontal (or 
isentropic).   The fact that constant mo- 
mentum actually is attained but not 
exceeded,   except in quite narrow bands 
equatorward of jet axes,   lends weight 
to Rossby's proposition to call on 
broad dynamic  reasoning for finding the 
mechanisms which determine latitude 
and strength of the maximum wind. 

Through the existence of two lateral 
mixing processes in the train of long 
waves in the westerlies--at constant 
vorticity in high and at constant abso- 
lute angular momentum in low 
latitudes—the jet stream is formed 
according to Rossby.   If the waves in 
the westerlies have the further property 
of acting to equalize temperatures in 
higher latitudes through warm southerly 
and cold northerly winds,   a zone of 

maximum temperature contrast will be 
built up in middle latitudes.   From 
hydrostatic  reasoning,   a maximum 
slope of the isobaric  surfaces,   in- 
creasing upward through the tropo- 
sphere,   will then be introduced in this 
zone,   permitting the jet stream to be 
in quasi-geostrophic equilibrium. 

Since a constant-momentumprofile 
never extends over a wide belt but 
only over a narrow zone equatorward 
of jet axes,   Rossby computed a high- 
tropospheric mean velocity distribution 
for the tropics by assuming constant 
vorticity transfer between the hemi- 
spheres.   Therewith a link between south- 
ern and northern jet streams was 
proposed which prior to the International 
Geophysical Year could not be tested 
due to lack of observations.   The chains 
of upper-air stations established in the 
southern hemisphere during the  ^BO's 
will permit at least a limited view of 
interrelations between the hemispheres. 
Fig. 12. 3a shows the type of north- 
south velocity profiles which can be 
drawn from late  1957 onward.   Zonal 
wind component has been plotted 
against latitude along two meridians 
with good station coverage.   Two jet 
streams--one in each hemisphere--are 
in evidence in the subtropics on both 
profiles.   Since the time of year is 
January the northern hemisphere cur- 
rent is by far the stronger.   In the 
equatorial zone easterlies are observed 
at 140° E but not at 70"W. 

Following the formulation of turbu- 
lent vorticity transfer,   the vorticity 
flux is  given by the gradient multiplied 
by a constant which measures the tur- 
bulent mass exchange  (Rossby 1947). 
If the vorticity flux is constant,   the 
vorticity gradient should also be 
constant in a steady-state system with- 
out sources or sinks,   i. e,   the vorticity 
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itself should be a linear function of 
latitude.   When broadscale latitudinal 
distributions are considered it is suf- 
ficient to represent the vor/ticity by: 

fa = f au 
e0 

in the first approximation.   Here u is 
the zonal wind componet,  c/)the latitude, 
a the radius of the earth and f the 
Coriolis parameter,   given by 2 <i>sin 
0 where co  is the angular rnLft- of rota- 
tion of the earth. 

With this definition /"     can be de- 
a 

termined from fig. 12. 3a.   It is not to 
be expected,   of course,   that the 
vorticity-transfer hypothesis can be 
tested from two individual velocity pro- 
files taken on a single day.   In view of 
the relative steadiness of the subtropical 
jet streams,   however,   fig. 12.3a is 
typical of the velocity profiles to be 
found on many days and on many merid- 
ians.   It will be of some interest to plot 
the vorticity against latitude from the 
mean profile of the zonal wind obtained 
by combining the two individual profiles, 
This has been done in fig. 12. 3b where 
the sign of the absolute vorticity has 
been chosen as positive for northern- 
hemisphere cyclonic vorticity.   The 
dashed line in fig. 12. 3b shows the 
vorticity profile that should prevail 
for constant-vorticity transfer,   and it 
is evident that this profile is well ap- 
proximated to the extent that can be 
expected from such a limited sample 
of observations.   Additional computa- 
tions of constant-vorticity transfer will 
be offered later in this chapter. 

Rossby's hypothesis has been pre- 
sented in some detail because it rep- 
resents the only broad attack on the 
jet stream problem by means of dynam- 
ic reasoning.   As he emphasized,   the 
hypothesis is not complete in that tran- 

sient states and the energetics have not 
been treated.   He pointed,   out,   however, 
that since jet streams are observed in 
such diverse media as atmosphere and 
ocean,   the particular mode of energy 
infusion should not be expected to de- 
termine the ultimate current structure. 

At present,   the validity of Rossby's 
analysis is uncertain.   It must be ad- 
mitted that in spite of its attractiveness 
there are certain factors which make it 
difficult to accept it as a solution to the 
whole average velocity distribution of 
the high troposphere as we once hoped. 
In fig. 12. 2,   the lateral shear equator- 
ward of the jet core exceeds that on the 
poleward side,   while actually the re- 
verse is true in practically every in- 
stance.   The absolute vorticity is not con- 
stant poleward of the jet axis but has a 
pronounced maximum which is apparent 
even in calculations of composite charts 
and diagrams,   for instance the mean 
cross section prepared by Palmen and 
Newton (fig. 12. 4,   cf.   fig. 3. 5).   Mixing 
at constant vorticity over an area bound- 
ed by a closed curve cannot,   from 
Stokes' theorem,   produce an increase 
in the velocity component parallel to 
the boundary.   It is necessary to postu- 
late a mechanism of poleward vorticity 
flux across the middle latitudes to ac- 
count for the vorticity maxima on the 
poleward side of jet streams. 

Another difficulty is introduced by 
the double jet stream structure observ- 
ed in both hemispheres,   at least during 
winter.   Palmen (1951b) has  sought to 
overcome this problem by assuming 
that the mechanism proposed by Rossby 
is applicable only to the middle-latitude 
jet streams associated with unsteady 
waves,   which he termed "polar front 
jet".   In Palmen's model (fig. 12.5) 
another mode of origin is proposed for 
the relatively steady subtropical 
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current,   situated near the poleward end 
of the tradewind cell of the general 
circulation.   This cell is marked by a 
strong ageostrophic flow in its center 
situated near latitudes  10-15CN during 
the northern winter (fig. 12. 6),   dying 
out toward the equatorial trough of low 
pressure and the subtropical high- 
pressure belt.   It covers the whole 
source region of absolute angular mo- 
mentum for the atmosphere; this mo- 
mentum accumulates at the polar limit 
of the cell which means the appearance 
of high westerly velocities.   The limit 
is reached at the subtropical ridge which 
marks the dividing line between surface 
momentum sources and sinks.   From 
there the momentum is transportedto- 
wardthe pole by disturbances of the mean 
flow such as waves and vortices fsee, 
for instance,   Mintz (1951) ] , 

Irrespective of the merits of 
Rossby's hypothesis in detail,   it is 
clear that the concept of comparing 
circulations on different bodies through 
introduction of characteristic rotation 
rates and linear dimensions has been 
an important and fruitful one.   It has 
given new impetus,   in particular, to 
experimentation with general circula- 
tions in spheres and dishpans where 
controlled models can be developed. 
Fultz (1951),   especially,   has shown 
that the ratio R = u/Lw -- which he 
termed "Rossby number"-- is a very 
effective tool in comparing general cir- 
culation hierarchies.   For certain prob- 
lems,   such as comparing atmospheric 
jet stream and Gulf Stream,   the scale 
factor L must be chosen to equalize 
the dimensions of the systems to be 
compared.   One may take,   for instance, 
the wave length of the disturbances in 
the current or,   alternately,   some 
length based on the current width. 
Among several possibilities,   the dis- 
tance over which the kinetic  energy 

decreases from the core to one-half of 
the maximum value on the cyclonic  (or 
anticyclonic) side,   appears to be of 
significance.   For an example,   this 
length was calculated for the 200 mb 
profile of the subtropical jet stream of 
winter  (Chapter V),   for the velocity pro- 
file of fig. 12. 1 across the Gulf Stream 
and for a steady jet stream with three 
waves in a dishpan experiment bearing 
remarkable similarity in many respects 
to the atmospheric subtropical jet 
stream (Riehl and Fultz,   1957).   The 
result (fig. 12. 7) fully confirms the sim- 
ilarity of the velocity profiles; the close 
coincidence of the curves for dishpan 
and Gulf Stream is quite remarkable. 

General Circulation Calculations 

Since jet streams clearly are an 
important and integral part of the gen- 
eral circulation,   it may be that their 
structure and behavior,   except for 
certain gross features,   can only be de- 
termined in a framework of models 
involving whole general circulations. 
Development of a series of such general 
circulations with jet streams through 
model experiments will be discussed 
below.   Calculations for the atmosphere 
involving the basic equations of motion 
have become possible through develop- 
ment of high-speed computing equip- 
ment.   Among various computations 
that have been performed,   the model of 
Phillips  (1956) is most complete. 
Phillips used a special form of the equa- 
tions of motion and an approximation of 
the atmospheric heat and cold sources 
for stepwise computation of the geo- 
strophic wind field in a two-layer model. 
The two layers were taken from 1000 
to 500 mb,   and from 500 to 0 mb so 
that the patterns at 750 and 250 mb 
give the characteristic mean flow with- 
in each layer.   In addition to the large- 
scale motions and energy transformations. 
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simplified expressions for friction and 
heat diffusion by small eddies were re- 
tained in the equations.   The computa- 
tions were executed in a rectangular 
grid with east-west extent of 6000 km 
and north-south extend of 10, 000 km. 

The experiment was started from 
a state of rest,   and at first no east- 
west variations were permitted.   Due 
to the operation of the heat source a 
meridional circulation gradually devel- 
oped which at 250 mb led to a very 
broad belt with zonal speeds of 30-35 
mps without jet stream.   After removal 
of the restriction on east-west varia- 
tions and introduction of a weak arbi- 
trary disturbance,   a drastic alteration 
of the flow structure occurred.  Iso- 
therms rapidly became concentrated in 
middle latitudes,   and a jet stream with 
waves appeared; the waves propagated 
eastward and their amplitude varied 
with time.   Unfortunately,   Phillips did 
not publish any 250 mb charts; fig. 12.8 
is andl example of 1000 mb heights and 
500 mb temperatures  17 and 20 "days" 
from the time when east-west varia- 
tions were first permitted.   It is seen 
that these charts look quite realistic. 
From the 500 mb temperatures one 
can quite well imagine the form which 
the 250 mb contours must take. 

Growth of the jet stream with 
time was rapid after the first "week" 
as  seen even from the behavior of the 
mean zonal ■wind averaged over the 
entire east-west extent of the grid (fig. 
12. 9).   Although the velocity profiles 
obtained in the late stages of the experi- 
ment do not fit on fig. 12. 7,   the marked 
velocity concentration in middle lati- 
tudes nevertheless is realistic.   It 
follows,   at least under the prescribed 
experimental conditions,   that a jet 
stream cannot develop when the motion 
is restricted to a vertical cross section 

in the meridional plane,   but only when 
three-dimensional variations are allow- 
ed.   The precise reason for this circum- 
stance,   of course,   does not appear 
explicitly from the calculations. 

With further development of the 
basic equations used in general- 
circulation calculations and increased 
capacity of computing equipment,   it is 
highly probable that future experiments 
will yield even closer approaches to 
the observed atmospheric general cir- 
culation than Phillips' initial computa- 
tion. 

On The Energy of Jet Streams 

Jet Streams and Heat Sources :   As 
evident from various pieces of informa- 
tion in the-foregoing chapters and from 
the preceding discussion,   the Jetstream 
cannot be investigated as an isolated 
system but must be studied as part of 
the generb.1 circulation.   Most striking 
is the relation of jet streams to the 
heat and cold sources of the atmosphere. 
A spectacular example has been the 
subtropical jet stream of the northern 
hemisphere.   During winter,   the heat 
source for the hemisphere is in the 
trade-wind belt and further south.   A 
large meridional circulation cell of the 
thermally direct type (fig. 12. 5) trans- 
ports heat from the equatorial regions 
northward.   At the poleward limit of 
this cell the subtropical jet stream is 
found.   During summer,   in contrast, 
one cannot speak of a uniform circum- 
polar heat source in the tropics for the 
northern hemisphere.   Over the con- 
tinents,   especially the broad expanse of 
Asia-Africa,   the heat source is shifted 
well toward the middle latitudes.   Its 
effectiveness for heating the air through 
turbulent transfer from the surface is 
aided by high land elevations,   especial- 
ly the Himalayan Plateau.   With this 
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seasonal change in heat source the 
westerly jet stream,   continuous around 
the globe during winter,   breaks down 
and is replaced by an easterly current 
regionally confined to the eastern 
hemisphere. 

These observations leave little 
doubt regarding the general circum- 
stances that form the background for 
jet stream formation from the stand- 
point of energy sources.   The annual 
course of the polar night jet supports 
the deductions just made about the sub- 
tropical jet stream.   Further,   the inten- 
sity of the "polar front'r jet stream 
decreases from winter to summer. 

Simple Heat Engine:    The well-known 
model of a simple heat engine is illus- 
trated in fig, 12. 10,   Mass rises at the 
heat source and sinks at the cold 
source which provides for potential- 
energy release,   i.e.   the vertical mo- 
tion acts to lower the mean center of 
gravity.   Transformation of potential 
to kinetic energy is accomplished 
through work done by pressure forces 
with an arrangement of isobars so that 
pressure drops from heat source to 
cold source at the top and from cold 
source to heat source at the bottom. 
Given such a pressure distribution, 
the horizontal flow will be directed 
toward lower pressure everywhere, 
hence there is a production of kinetic 
energy over the entire cell. 

In non-rotating fluid the motion 
generated by this pressure distribution 
will be mainly in the plane of the cross 
section in fig. 12. 10; but in rotating 
fluid where geostrophic or gradient 
wind balance is closely approached, the 
kinetic energy will  become concentrat- 
ed almost wholly in the flow component 
perpendicular to the section.   Consider- 
ing the results of Phillips  (1956),   one 

may wonder whether calculations per- 
formed by means of a simple two- 
dimensional cell will yield anything of 
interest for understanding jet streams. 
It should now be noted that Phillips' 
grid had axes oriented east-west and 
north-south.   His mean vertical cross 
section therefore lies in the meridional 
plane,   and it is the zonal velocity com- 
ponent which is averaged from east to 
west as a function of latitude in fig. 12. 9. 
In a simple two-dimensional cell with 
this orientation the zonal wind  distribu- 
tion,   apart from effects of friction,   must 
be prescribed by conservation of abso- 
lute angular momentum.   As shown in 
Chapter V,   this conservation law would 
lead to extremely high wind speeds al- 
ready at latitude 30°.   Bjerknes,   et al 
(1933) have demonstrated that because 
tremendous equatorward-directed 
accelerations develop under these con- 
ditions,   such a simple cell is unable to 
extend itself very far from the equator. 
This is the basic  reason why a large 
zonally-symmetric cell reaching from 
heat to cold source is not found in the 
atmosphere.   Bjerknes also pointed out 
that this difficulty is readily overcome 
if the flow pattern breaks down zonally 
into a system of subtropical highs near 
the ground -- or,   as we would say now, 
a system of long waves in the upper 
westerlies. 

Realizing this,   one can see whether 
a simple heat engine can be found in a 
curvilinear coordinate system which 
follows the upper wave motion or jet 
stream.   In such a coordinate system 
the simple transverse cell of fig. 12. 10 
need not be subject to the severe con- 
straint imposed by the momentum 
principle.   "With respect to a cell so 
defined,   the question can be raised 
whether the mechanism of kinetic-energy 
production,   sketched in fig. 12. 10,   can 
account for the energy of jet streams. 
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For a particle travelling horizon- 
tally in a steady pressure field and not 
subject to friction,   the variation of 
kinetic energy may be expressed by 

c2  -c2 
o 

< (8) 

""5      3ra 

0   > c 
^S-^gf^even when monthly data are 

used because of the dominance of higher 
speeds in ridges than in troughs.   The 
difference,   however,   is not great so 
that even C^ -- the quantity most typical 
of the single cell --is well given by the 
calculation. 

This is a form of Bernoulli's theorem. 
C is the wind speed,   .Q? the kinetic 
energy per unit mass,   g the accelera- 
tion of gravity and z the height of an 
isobaric surface.   The integration is 
performed over a trajectory beginning 
at some point marked with subscript 
zero.   The production of kinetic energy 
by pressure forces has been expressed 
in terms of the slope of a constant- 
pressure surface for ready use on 
upper-air charts.   Fig. 12. 11 is a 
nomogram which solves equation (8) 
graphically.   For the subtropical jet 
stream (cf.   fig. 5. 2),  which is an 
essentially steady current,   we may 
integrate equation (8) around the entire 
axis in the coordinate system which 
follows the axis.   The quantities of equa- 
tion (8) then become space-averaged 
quantities, which will be denoted by a 
bar.   If the integration is carried from 
the region far equatorward of the jet 
stream axis to the axis,   C0 << C     and 
may be neglected.   Then: 

It is seen that the mechanism of 
kinetic-energy production is adequately 
expressed by equation (9),   also that 
internal dissipation of kinetic energy 
due to friction can only be a small effect 
as far as computation of the mean velocity 
field in the high troposphere is concerned. 
The role of heat and cold sources in 
kinetic-energy production can be brought 
out more explicitly through introduction 
of the hydrostatic equation 

In Pi 
P2 

A D (10) 

RT 

g{z     -  z) 6v   n 'T 
(9) 

where R is the gas constant for air,   T 
the mean virtual temperature and D the 
thickness between the pressure surfaces 

pi   and pn.    J£ g denotes differentiation at 
D D       _ 

constant pressure,   §{TTT) 
= 0 or 5 fV 

T T -L'm 
$'^£~ ,   where the subscript m denotes 
mean values over the distance over 
which the operation 5 is carried out.   We 
shall take p^ and p2 as  1000 and 200 mb 
and neglect the slope of the 1000 mb sur- 
face compared to that of the 200 mb sur- 
face.   Then §D becomes identical with 
(z     - z)n of equations  (8) or (9),   and the 

o jJ 
latter can be written 

where the subscript j denotes the jet 
axis.   With this equation Krishnamurti 
(1959a) has calculated the kinetic energy 
at the jet axis at 200 mb from data 
averaged over a whole month; z0 and z 
were determined from the 200 mb 
heights given by radiosonde observa- 
tions around the globe.   Computed and 
observed rms velocities were both 
about 73 mps.   It should be noted that 

g(^m) (T0 - T) , 
T m 

(H) 

where T0  may denote the temperature 
at the tropical heat source. 

Since radiosonde ascents are evalu- 
ated with the hydrostatic assumption and 
since the slope of the 1000 mb surface 
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is known to be small compared to that 
of the 200 mb surface,   equation (11) 
necessarily gives satisfactory com- 
putational results.     The main purpose 
in showing it is to bring out explicitly 
the relation between a steady tempera- 
ture field produced by heat and cold 
sources and the kinetic  energy gener- 
ated by means of this temperature field. 
It  is not necessary to invoke very com- 
plicated mechanisms for an explanation 
of the observed kinetic energy from the 
viewpoint of energy transformations. 
The calculations,   however,   do not go 
very far toward explaining the sub- 
tropical jet stream because in the 
quantity T0 -  T at most T0 can be con- 
sidered as  specified by physical con- 
ditions.    It is not evident why a kinetic 
energy maximum exists at T as ob- 
served rather than at sqme other 
temperature;  furtherjlwhy T occurs at 
the particular distance from T    at 
which it is found,   since radiation need 
not prescribe the temperature field 
completely.     It is of interest,   never- 
theless,   that,   according to Krish- 
namurti's calculations,   the simple 
heat engine found by him rotates at 
such a rate  (cf.   fig. 5. 6) that in the 
descending branch near the jet axis 
radiation cooling nearly balances the 
compression heating arising from the 
descent. 

Lower-latitude jet streams tend to 
form not only in connection with the 
broad trade-wind cell and the general 
equatorial heat source,   but also in 
many individual situations when there 
is a thermal heat engine with dimen- 
sions of the secondary disturbances. 
The best known of these are hurricanes 
and tropical storms,   circulations which 
are maintained entirely by means of a 
temperature field produced through 
release of latent heat of condensation. 
The direct connection that often exists 
between heat source and jet stream 

formation is well brought out in fig. 
12. 12 which depicts the 200 mb flow 
at the time when a tropical storm 
with central pressure near 1005 mb 
was located inside the Gulf of Mexico. 
Two jet streams emanated from this 
tropical storm in the high tropos- 
phere:   the one toward northeast 
represents the outflow directly,   and 
it is of interest that further entrain- 
ment of mass took place into this cur- 
rent as it moved from the southwest 
across the United States.     The north- 
easterly jet stream was produced by 
building up of the anticyclone asso- 
ciated with the outflow of mass from 
the hurricane.     This building increased 
the pressure gradient also on the 
eastern side of the anticyclone and 
therewith acted to accelerate the flow 
in this region.     A flow structure 
similar to that of fig. 12. 12 has been 
observed in many other tropical storm 
cases. 

Middle-Latitude Jet Streams :   As 
stressed already in Chapter II,   equa- 
tion (8) may be applied with fair 
success along the axes of middle- 
latitude jet streams when velocities 

and   velocity   variations   along   an 
axis    are   large.      This   implies 
that   in   the   first   approximation 
an   axis   can   serve   as    a   tra- 
jectory;     still   better   results, 
of   course,     should   be   obtained 
if an actual trajectory in the LMW is 
available.     Figs. 12. 13-14 show an 
example of 300 mb isotachs and con- 
tours in a situation when the jet stream 
was crossed from east to west by a 
research aircraft on the path indicated 
on the maps.    At that time marked 
cold-air advection was taking place 
in the region of high-tropospheric 
acceleration at 500 mb (fig. 12. 15) 
andlower.    This cold advection occurred 
in a narrow band with north-south 
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orientation  located practically under- 
neath the  jet  axis   and  furthermore 
located underneath the entire compen- 
sating temperature gradient at 200 mb 
(fig. 12. 16).     The 500 mb isotherms 
moved much more slowly than the wind 
component normal to them,   indicating 
subsidence of the cold air.     The situ- 
ation was quite similar to that of 
November 1958 (figs. 8. 7-9).    Incases 
of this type the model of fig. 12. 10 can 
be applied to the region upstream of 
high-speed centers; it is not necessary 
for the complete circuit to be executed 
in order for the model to hold.     Thus, 
when the boundaries of the cell are 
properly determined,   the energy cycle 
of fig. 12. 10 can be seen to be opera- 
tive in many instances.     Palmen (1958) 
made a conclusive computation of such 
energy transformations for 14 October 
1954,   over the eastern United States, 
at a time when a large hurricane had 
entered the continent and was rapidly 
being transformed to a vigorous extra- 
tropical cyclone.     A strong jet stream 
emanated from the region of the cyclone 
toward northeast.     Data were sufficient 
to permit calculation of potential-energy 
release and production of kinetic ener- 
gy.    Palmen was able to show that these 
two quantities were equal within limits 
of computational accuracy,   and that 
dissipation of kinetic energy by friction 
was only a small term for the period 
when active cold-air subsidence oc- 
curred. 

Situation of 26 December 1958:   Based 
on Palmen's computations and situa- 
tions of the type shown in figs. 12. 13-16, 
the hypothesis may be formed that po- 
tential-energy release occurs within 
the area in which a jet stream develop- 
ment takes place; that both of these 
events,   therefore,   are geographically 
closely connected and that one need not 
seek for distant energy sources in order 
to explain jet stream formation and 

maintenance in any given region from 
energy considerations.     This attrac- 
tive hypothesis conflicts with Rossby's 
viewpoint,   already mentioned,   that 
the particular mode of energy infusion 
should not be expected to determine 
the ultimate structure of a current. 
In the following a case will be d§ 
scribed briefly which lends  support to 
Rossby's thesis. 

The LMW chart for 26 December 
1958 has been reproduced in fig. 10. 12. 
We observe a high-speed center of the 
subtropical jet stream at a ridge in 
the wave pattern of this current,   just 
as in fig. 5. 2.     The current was quite 
steady at this time and the high-speed 
center almost stationary,   so that local 
variations need not be considered.    In 
the foregoing section the subtropical 
jet stream as a whole was related to 
the heat and cold sources of the entire 
tropical and subtropical belts.    Now 
we shall inquire about the energy 
transformations in a limited area, 
namely the one whichhas been enclosed 
by the box in fig. 10, 12.   Within 
this box the principal gain of kinetic 
energy took place.     Given the kinetic 
energy per unit mass K and neglecting 
the kinetic energy of the vertical mo- 
tion, 

dt h •V F, (12) 

where -r-denotes substantial differen- dt 
tiation,    v^ is the horizontal wind 
vector,   z the height of a constant- 
pressure surface as before, Vp the gradi- 
ent operator on a constant-pressure 
surface and F the frictional dissipation 
per unit mass.    Because of the steady 
state the gain of kinetic energy <IIS.will 

dt 
be equal to the export from the box 
after integration through the depth of 
the layer connected with the jet stream. 
This layer was taken from 1000 to 
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100 mb but almost all of the kinetic 
export 

energyftook place between 400 and 
100 mb.     The amount of the export 
was  1.2.   10^ ^J'sec,   a large value 
when it is considered that Palmen ob- 
tained 1.9.   10 J'secfora much 
larger area with a cyclone of excep- 
tional strength inside his boundaries. 
In the present case light southerly 
winds,   curving clockwise,   prevailed 
near the ground.     There was no cyclone 
and no bad weather which might be re- 
lated to the jet stream intensification. 

The export,   from equation (12), 
will be equal to production minus 
frictional dissipation,   or to source 
minus sink.     Now the jet stream was 
essentially confined to the layer above 
500 mb,   and our investigation concerns 
a small area in which much kinetic en- 
ergy w^as generated.     Hence one might 
expect the frictional dissipation to be 
negligible compared to the generation. 
This proved to be the case so that,   to 
a high degree of approximation,   the 
source was equal to the export.     After 
integration,   this source may be repre- 
sented as the sum of four generating 
mechanisms: 

When the inflow occurs at high pressure 
near the ground and the outflow at lower 
pressures higher up,   another contri- 
bution to kinetic-energy production by 
the atmosphere at large is obtained. 

(3) Given net inflow and outflow as 
just described,   there must be net ascent 
or descent within the box,   depending on 
whether the inflow occurs at high or 
low altitudes.     Therefore there will be 
a potential-energy change -- gain with 
ascent and loss with descent.     It follows 
that mechanism (2) must act at least 
partly to bring about potential-energy 
changes.     Actually mechanisms  (2) and 
(3) tend to cancel,   leaving only a 
small,   but nevertheless important,   re- 
sidual for kinetic-energy production. 

(4) Within the box there may be a 
distribution of ascent and descent so 
that cold air sinks relative to the warm 
air.     This tends to lower the center of 
gravity and hence acts to produce 
kinetic energy.     When the whole globe 
is the subject of calculations,   this 
mechanism is the only one that re- 
mains of the four,   since in this case 
there are no boundaries. 

(1) On a constant-pressure-surface 
boundary work may be done by the air 
entering and leaving on the surface.     If 
the mass enters/ at heights of the iso- 
baric  surface greater than those at 
which it exits,   work is done by the sur- 
roundings at large upon the region en- 
closed by the boundary.     After this 
calculation has been performed on a 
sufficient number of isobaric  surfaces, 
one contribution to the source of kinetic 
energy is obtained after summation. 

(2) There may be a net convergence 
of mass into the area inside the box in 
one layer of the atmosphere,   and com- 
pensating divergence in another layer. 

The principal question to be an- 
swered is whether mechanism (4) will 
also predominate when the computation 
is restricted to small areas covering 
individual disturbances.     This will 
depend on whether a suitable choice 
for the boundary can be found. 
Palmen's boundary covered the eastern 
and central United States at a time 
when vigorous ascent of warm air with 
precipitation was taking place in the 
Atlantic  seaboard states,   with subsid- 
ence of polar air farther west.     Hence 
he was able to obtain very nearly a 
closed system; from his calculations 
mechanism (4) accounted wholly for 
the production of kinetic energy.     He 
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also showed that this  result would not 
have been obtained,   had he limited his 
calculations to the eastern states alone. 

On 26 December  1958 mechanism 
(4) made only a negligible contribution 
--0.02.   1011 kJ/sec.    Mechanism (1) 
yielded 0.   6 .   1011 kJ/sec  showing that 
an equal amount must have been con- 
tributed by mechanisms  (2) and (3) 
combined for balance.    It is seen,   then, 
that the jet stream was not produced by 
local release of potential energy within 
the box,   but by means of pressure work 
done upon the boundaries by the outside 
atmosphere.     The question now arises 
whether expansion of the box to include 
adjoining parts of the southern and 
central United States would lead to a 
different result.     This would happen if 
a vigorous cold-air outbreak with sub- 
sidence were occurring nearby;  one 
could then think of the combined area 
of jet stream generation and cold-air 
subsidence as a closed system.    But 
there was no such cold-air outbreak. 
From inspection of the maps it was 
uncertain how far and even in what 
direction the box should be expanded. 
It was clear,   merely,   that a very large 
area would have to be included,  pos- 
sibly even covering parts of the 
Pacific  Ocean.   A particular local 
source of potential energy could not 
be assigned,   and it follows that the 
energy source resided in the atmos- 
phere at large,   possibly in the whole 
tropical general-circulation cell. 

Transverse Circulation 

Direct Cell:    Namias and Clapp (1947) 
have proposed that jet streams should 
form on an "entrance" or "confluence" 
zone if a preexisting belt of isotherms 
becomes concentrated there,   given 
cold advection at the polar and warm 
advection at the equatorial margin of 
the belt (fig. 12. 17).     The configuration 
of this model will retrograde with the 

wind component normal to the isotherms 
in the case of purely horizontal motion. 
If,   however,   warm air ascends and 
cold air descends,   backward motion of 
the pattern will normally be impeded 
because of the vertical stability of the 
atmosphere.     Adiabatic compression 
in the north and adiabatic expansion in 
the south counteract the field of horizon- 
tal advection.     Given such vertical mo- 
tions,   the transverse circulation across 
the jet axis will be in the sense of 
fig. 12. 10 and the high-kinetic-energy 
flow will be permitted to be in quasi- 
geostrophic equilibrium because of the 
isotherm concentration and attendant 
large slope of high-tropospheric 
constant-pressure surfaces.  As just 
seen,  this model is supported,   as far as 
energy transformations are concerned, 
by the observations of numerous,   though 
by no means all,   situations.     Little light, 
however,   is shed on the question as to 
why the ■whole event occurs in the form 
described and why narrow high-kinetic- 
energy currents are produced and 
maintained.     The orientation of flow 
lines and isotherms as drawn in fig. 12. 
17 must be regarded as a manifestation 
rather than as a cause of jet streams, 
hence can only serve for jet stream 
description. 

One difficulty which arises with all 
thermally-direct circulations lies in 
the fact that they tend to rotate the 
isentropes into horizontal planes.     By 
this process kinetic energy is generated 
through a corresponding decrease of po- 
tential energy.     But at the same time 
the solenoid field is weakened and 
therewith also the slope of high- 
tropospheric constant-pressure surfaces. 
The geostrophic wind,   which can be 
supported by the mass distribution,   not 
only will not be increased but actually 
decreased.     Yet,   broadly speaking, 
geostrophic equilibrium exists in the 
first approximation,   in spite of certain 
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shortcomings of the geostrophic wind 
discussed earlier in this text.     Thus, 
for jet stream production and mainte- 
nance,   we must postulate some means 
to maintain the solenoid field against 
the direct cell.    For the subtropical 
jet stream,   it was stated that the de- 
scending branch near the jet axis is 
sufficiently slow so that the advection 
of isentropes downward is balanced by- 
radiation cooling.    If a corresponding 
situation may be assumed for the 
equatorial ascending branch,   then the 
isentropic slopes in this case are up- 
held by direct action of heat and cold 
sources.    Along individual jet streams 
in middle latitudes a stationary isotach 
pattern is possible only if the advective 
pattern sketched in fig. 12. 17 is strong 
enough to provide balance against ver- 
tical compression or expansion.    An 
interesting situation occurs when moist- 
adiabatic stratification is present on 
the warm side and the ascending air 
becomes saturated,   forming clouds. 
Then the vertical motion has no effect 
on the temperature field,   and the iso- 
therms will be advected with the wind 
component normal to them.     This can 
result in rapid strengthening of the 
"isotherm ribbon" and of the velocity 
field.    Release of latent heat of conden- 
sation and fusion,   normally considered 
to be only a minor factor in energy 
transformations outside the tropics, 
thus can make an important contribution 
toward generating kinetic energy 
within the setting described. 

Actually,   the middle-latitude iso- 
tach pattern seldom is steady.     Occa- 
sionally,   high-speed centers along a 
jet stream axis will remain stationary 
or even retrograde slightly for several 
days,   but far more often they propagate 
downstream.    This indicates that 
weakening of the temperature gradient 
by the transverse circulation prevails 
over the concentration by lateral 

advection in the region upstream from 
the high-speed center;  downstream, 
the opposite takes place.     The high- 
energy flow,   moving forward from the 
maximum,   enters a region of weaker 
pressure gradient which causes the 
air to bank on the righthand side of 
the current,   looking downstream.     In 
many cases this leads to high-tropo- 
spheric convergence to the right and 
divergence to the left of the axis, 
hence to an "indirect" thermal circu- 
lation with ascent of cold and descent 
of warm air.    Such building up of po- 
tential energy results in intensification 
of the lateral temperature gradient, 
tnor&y also of the slope of constant- 
pressure surfaces in the high tropo- 
sphere.    By this means the high-speed 
center itself can propagate downstream 
at constant intensity and in quasi-ge- 
ostrophic or gradient-wind equilibrium. 

Quantitative determination of the 
cross-stream circulation upstream 
and downstream of high-speed centers 
has been attempted by Murray and 
Daniels (1953).    However,   it is 
unclear from their paper whether 
they were concerned with true cross- 
axis flow or merely with flow toward 
higher or lower pressure.     In view 
of illustrations  such as fig. 12. 13 
these two types of circulations are by 
no means synonymous: air may cross 
the contours of a constant-pressure 
surface toward lower or greater 
heights without crossing the jet axis 
at all.     Murray and   Daniels found 
that the transverse circulation, 
according to their definition,   was 
from right to left across the current 
upwind,   and in the inverse sense 
downwind from high-speed centers. 
In view of the uncertainty of their 
definition,   no further discussion 
will be offered.    However,   certain 
difficulties inherent in the whole of 
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the view just presented must be pointed 
out in the subsequent sections. 

Indirect Cell:    The preceding model of 
transverse circulations is by no means 
the only one that has been put forward. 
Rossby (1947),   proceeding from expe- 
rience with the Gulf Stream,   took an 
entirely different view.    Fig. 1. 1 shows 
quite clearly that cold water has been 
raised relative to warm water,   that 
therefore the slope of the free ocean 
surface associated with the narrow 
ocean current has been produced by a 
thermally-indirect circulation.     Noting 
that the observed field of potential 
temperature associated with jet streams 
is very similar to the temperature field 
connected with the Gulf Stream (cf. 
fig. 3. 3),   Rossby proposed the vertical 
circulation model of fig. 12. 18 to ac- 
count for this distribution.     The dif- 
ficulty with this model,   of course,   lies 
in the fact that the transverse circula- 
tion is indirect both above and below 
the level of strongest wind,   that 
therefore potential energy is built up 
everywhere and that this takes place 
at the expense of kinetic energy since 
the transverse motion is from low to 
high pressure across the whole layer 
of maximum wind. 

Given the atmospheric wind energy 
as energy source for ocean currents,   it 
is quite feasible to interpret the slope of 
isotherms in water as producedby indirect 
circulations.    But no  such  outside 
energy aource exists for the atmosphere. 
Nevertheless,   the general configuration 
of   the isotherms in fig. 1. 1 and of the 
tropospheric isentropes in fig, 12. 18 
is identical,   and this fact remains to 
be explained as is the origin of the 
whole pattern of fig. 12. 18.     Obser- 
vationally,   the transverse flow of the 
troposphere certainly is not always 
directed as pictured in fig. 12. 18.    But, 

as  seen above,   direct cells cannot ac- 
count for the observed slope of isentropes 
and their lateral concentration; they act, 
on the contrary,   to wipe out both of 
these features.    Above the level of strong- 
est wind the situation is much clearer. 
A band of warm air extends along the 
cyclonic and a band of cold air along the 
anticyclonic margin of jet streams in 
the lower stratosphere (fig. 3. 9,   12. 16). 
The existence of such bands must be 
explained with descent to the left and 
ascent to the right of an axis,   looking 
downstream. 

Realizing these difficulties Palmen 
(1951b) took a middle course when he 
proposed the model of fig. 12. 5.    He 
adopted the direct cell for the sub- 
tropical jet stream and the indirect cell 
for the polar-front jet stream.    The 
latter then is maintained by the circu- 
lation about the polar front underneath 
the jet core and by unsteady flow features 
which cannot be depicted on an averaged 
meridional section.     Whether this scheme 
will be upheld ultimately,   cannot as yet 
be told.    In view of fig. 5.6,   at least the 
existence of mass transport across the 
subtropical jet stream axis in the sense 
of fig. 12. 5 has been demonstrated. 

Potential Vorticity Field 

In most discussions of cross-stream 
circulation in the literature,   it has not 
been investigated whether such trans- 
verse motion -- thermally direct or 
indirect -- can really be accomplished. 
Actually,   there are severe constraints. 
From dynamic reasoning,   it is very 
difficult for air to cross any well- 
established jet axis.   In general,   high- 
tropospheric air is thought to have two 
properties that are conservative or 
only slowly changing with time: poten- 
tial temperature and potential vorticity. 
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From cross sections through the jet 
stream (fig. 3. 3,   12. 4) it is clear that, 
from the viewpoint of conservation of 
heat,   air can mix freely across a core. 
The isentropes of the lower stratosphere 
in the north are found in the troposphere 
in the south.   If has often been suggested 
that lateral mixing between troposphere 
and stratosphere takes place mainly 
in the layer between the potential- 
temperature surfaces of 330° and 350° A, 
part of which normally crosses the 
maximum-wind belt. 

Potential vorticity (£,-,) was defined 
by Rossby (1940) as the absolute vor- 
ticity about the vertical axis divided 
by the thickness of the column or layer 
considered.   He showed that under 
certain assumptions this quantity is a 
conservative air mass property.   The 
theorem was  subsequently generalized. 
In particular potential vorticity,   when 
computed on an isentropic  surface,   is 
constant following a given mass of air 
except for non-conservative influences, 
heating and friction (Ertel,   1942).   For 
a column situated between two isen- 
tropic surfaces 

i d9 ee 

P 0      P     Bz ^    V Qp 

- const, (13) 
Here ^ is the relative vorticity,   p   den- 
sity and 0 potential temperature. * 
Equation (13) relates the absolute vor- 
ticity (f + £ )/)  to the vertical stability. 
It is a law usually applied with much 
success when following air for short 

*In the jet core, potential vorticity 
computed on isobaric and isentropic 
surfaces will be nearly equal,   because 
the level of maximum wind coincides 
closely with the level at which the 
meridional temperature gradient re- 
verses. 

periods,   say one day.   For instance, 
the absolute vorticity is high and the 
stability low in cyclones; the opposite 
holds for anticyclones in the lower 
troposphere.   Therefore air moving 
from a High toward a Low will tend to 
conserve its potential vorticity.   Based 
on potential vorticity reasoning we 
deduced the areas of high-tropospheric 
convergence and divergence in the 
models 8. 10 to 8, 12,   Differential forms 
of this conservation theorem,   i. e.   the 
baroclinic vorticity equation,   are used 
as bases for most baroclinic numerical 
prediction models. 

Now one can see readily from fig. 
12, 18 that the isobaric thickness be- 
tween the isentropic surfaces strad- 
dling the jet stream decreases across 
the core from warm to cold side,   the 
normal picture.   For free movement of 
particles the absolute vorticity should 
decrease correspondingly.   But this 
is far from true.   Over a short latitu- 
dinal increment,   the Coriolis parameter 
may be regarded as constant.   The 
isotachs indicate the contribution of the 
lateral shear to the relative vorticity; 
since this term dominates,   it is quite 
clear that the relative,   hence also the 
absolute vorticity,   is not constant 
across an axis but that it is high to the 
left and low to the right of the core. 
Thereby absolute vorticity and stability 
vary in the same sense,   with the result 
that the potential vorticity is not con- 
stant but increases strongly from anti- 
cyclonic to cyclonic side. 

Since all jet streams look alike in 
cross section,   one quantitative demon- 
stration will suffice.   Absolute vorticity, 
pressure thickness of isentropic layers 
and potential vorticity have been com- 
puted for the mean cross section of the 
subtropical jet stream for December 
1955   (fig.    12,19).     Evidently,   the 
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potential vorticity increases almost 
discontinuously across the axis even in the 
monthly profile.   From this it follows 
that air cannot cross a jet stream axis 
on a broad front if it conserves its 
potential vorticity.   Crossing can occur 
only in gaps between jet streams or by 
means of slow seepage produced,   for 
instance,   by lateral stresses.   One may 
conceive of the crossing of the mass cir- 
culation cell through the subtropical jet 
stream (fig. 5.6) as produced by such 
effects,   although the validity of this in- 
terpretation has not been established. 

The jump of potential vorticity 
across jet stream cores is so striking 
that Platzman (1949) assumed a dis- 
continuey based on the cross section 
of Palmen and Newton (fig. 12. 20,   cf. 
fig. 12. 4) in a study of waves along the 
jet stream.   From fig. 12. 20 one ob- 
tains the strong impression that forma- 
tion and maintenance of jet streams is 
associated with two regimes of mixing 
under conservation of potential vorticity, 
so that ultimately this vorticity 
becomes constant in each region.   This 
hypothesis is the only one which will 
permit a quasi-geostrophic jet stream 
to form and persist,   given conservation 
of potential vorticity as dynamic law. 
As seen from the thermal wind equation, 
the potential-temperature field must 
have the structure of fig. 12. 18 in order 
for any wind sounding in the core to be 
approximately geostrophic.   All jet 
stream cross sections indicate that the 
observed jet structure,   conservation 
of potential vorticity and geostrophic 
flow are not compatible with free mix- 
ing through the cores. 

Various investigators have studied 
the potential-vorticity field (cf.   Reed 
and Danielsen,   1959) and examined the 
question whether potential vorticity is 
actually conserved following air 

trajectories  (Newton et al 1951), 
Kleinschmidt,   1951).   Although these 
investigations were affected by limita- 
tions of the observations,  the authors 
concluded that important sources of 
potential vorticity may exist in the 
high troposphere,   due to the non- 
conservative factors.   Because of the 
importance of the subject it will be 
worthwhile to show a few illustrations 
from a more recent situation with 
better rawin coverage. 

We shall investigate the jet stream 
of 26 December  1958 for which the 
energy transformations were discussed 
earlier in this chapter.   Fig. 10. 12 
depicts the general situation for the 
LMW.   The cross section of potential 
vorticity over the whole box of fig. 
10. 12 clearly reveals the discontinuity 
at the jet axis (fig. 12. 21).   Potential 
vorticity jumps by an order of magni- 
tude at the jet core which is situated 
at a potential temperature of 345°A. 
On this  surface,   correspondence with 
fig. 12. 20 is good as the potential vor- 
ticity was nearly constant north of the 
jet axis.   Higher up and down,   however, 
there were marked lateral gradients; 
in particular a potential-vorticity 
maximum appeared just north of the jet 
axis at the top of the diagram. 

We shall follow two trajectories in 
the layer 360-370 0A of fig. 12. 21,   i. e. 
above the level of maximum wind and 
any tropospheric heat sources.   Numerous 
lower trajectories also could have been 
chosen.   The trajectories and the isotach 
pattern for the layer are shown in fig. 
12.22.   One of the trajectories lies 
north,   the other south of the axis.   Due 
to uncertainties of analysis at the axis 
itself,   it was not feasible to include 
another trajectory in the core of the 
current.   From the data on 26 December 
and from the  12-hourly observations 
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for several periods before and after 
this maptime,   no obvious cross-stream 
flow could be detected,   although the 
number of upper winds was considerable. 
This,   of course,   does not rule out see- 
page across the axis with a crossing 
angle of,   say,   one degree or so: the 
winds themselves are reported only to 
the nearest ten degrees.   It is evident 
that reliable determination of mixing 
across the axis requires special pro- 
grams of research flights carried out 
by several well-instrumented jet air- 
planes. 

The transport of mass and momen- 
tum in the jet stream increased tremen- 
dously from west to east across the 
area studied.   This was true for a very 
deep layer extending even to the low 
troposphere.   Thus a large entrainment 
of mass into the current took place, 
and this is typical of very many situa- 
tions where a jet stream intensifies 
downstream.   In the core and higher up 
the mass was partly drawn in from the 
sides,   partly from below.   Lateral 
entrainment is indicated in fig. 12. 22 
by the fact that the distance between 
A and A' is about one third more than 
the distance between B and B'.   From 
the top diagram in fig. 12. 23 the pres- 
sure along the trajectories decreased, 
i. e.  the height increased so that 
ascent took place.   This occurred in a 
deep layer both north and south of the 
axis,  with a little more vertical motion 
on the northern side.   As the speed of 
the air increased downstream,   the 
thickness of the isentropic layer in the 
north also decreased (center diagram 
on fig. 12. 23) which provided partly 
for mass continuity. South of the axis 
the thickness was constant,   except for 
a slight increase near the east coast. 

The potential vorticity (bottom 
diagram of fig. 12. 23) increased 

somewhat both in north and south.  But 
the variations are so small that they are 
fully within the margin of error of the 
analysis.   In the first approximation we 
can say that the potential vorticity was 
conserved.   It is of interest that the 
lateral wind shear decreased downstream 
in the core as the current speed 
increased,   and that the wind profiles 
are well represented by a bilinear dis- 
tribution with nearly equal slope,   but 
of opposite sign,   on both sides of the 
axis  (fig. 12. 24).   Quite in agreement 
with the case of 6 March 1958,   described 
in Chapter IV,   the jet stream was 
sharper at the point where intensifica- 
tion began than at the location of the 
high-speed center. This is also indicated 
by the  marked broadening  of the 
current.   It may be noted that some, 
though not all,   features of the 26 Decem- 
ber case agree with Rossby's   (1951) 
model of the development of localized 
jet streams. 

The foregoing illustrations bring 
out clearly the importance of the role 
occupied by the potential-vorticity 
field in jet stream structure and forma- 
tion.   It would be quite impossible to 
generate such a current in an atmosphere 
with uniform potential vorticity along 
the isentropes.   It is necessary for a 
vorticity gradient to be developed in 
certain  isentropic  layers by non- 
conservative influences.   Once estab- 
lished,   a mechanism may be found for 
concentrating this gradient in narrow 
zones.   In the upper troposphere,   con- 
densation can at times alter the 
potential-vorticity field as suggested 
by Kleinschmidt (1951).   But there 
must be another more-general process, 
since many jet streams develop with- 
out connection with cloudiness -- for 
instance the polar night jet stream,   and 
the jet streams in oceans and model 
experiments.   For the atmosphere it 
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■would appear to be worthwhile to study 
the fields of radiation   and heat conduc- 
tion as possible sources or sinks of 
potential vorticity. 

Model Experiments 

It is apparent from the foregoing 
discussion that the jet stream is a 
complicated phenomenon which,   for 
the most part,   has had to be treated 
with strongly simplifying assumptions. 
Often it is very difficult to evaluate 
the magnitude of the effects which must 
be neglected.   Understanding of atmos- 
pheric motion can be greatly advanced 
if,   as in physics,   one is enabled to 
study the influence of the known vari- 
ables separately.   To some extent this 
can be done within the atmosphere.   In 
this chapter,   for instance,  we have 
discussed heat and cold sources in 
different latitude belts and seasons,   jet 
streams at large and small values of 
the Coriolis parame^iter.   A more 
powerful comparison is that between 
high-velocity cores in atmosphere 
and ocean (for a detailed comparison of 
jet streams and Gulf Streams see 
Newton,   1959).   Similarity of wind and 
vorticity profiles has been demon- 
strated in fig. 12,7.  Beyond this,   the free 
surface in fig. 1. 1 is comparable to, 
say,   the 400 mb surface in the atmos- 
phere because the temperature field on 
the ocean top still has the same gradient 
as the layer underneath.   Hence,   it is 
not necessary to have a level of zero 
density gradient and a stratosphere to 
explain the lateral concentration of 
kinetic energy.   Water is nearly incom- 
pressible within the depth ranges con- 
sidered in analyses of currents.   Density 
may be treated as a function of tempera- 
ture alone (in the ocean also of salinity). 
This permits considerable simplifica- 
tion in dynamical treatments without 
much,   if any,   loss of validity for applica- 

tion to the atmosphere.   Finally,   as seen 
above.   Gulf Stream and jet stream have 
the same structure in spite of widely- 
different energy sources. 

These analogies,   while important, 
are not fully satisfactory.   They do not 
permit controlled experiment,   the 
most powerful tool of science.   From 
the early days of meteorology,   there- 
fore,   recurrent attempts have been 
made to recreate atmosphere and ocean 
in laboratories.   Model studies received 
a strong impetus whenRossby introduced 
the ratio u/c    as a means for com- e 
paring circulations on bodies with 
different sizes and rotation rates.   Sub- 
sequently,   another characteristic ratio 
was added (Fultz,   1951),   the "thermal 
Rossby number" R^ = u-p/cg where uj 

is the geostrophic thermal wind,   a 
function of lateral temperature gradient 
and rotation rate.   A novel way to conduct 
model experiments is by way of elec- 
tronic computers.   Phillips'  (1956) cal- 
culation is a prototype of this approach, 
which undoubtedly will be widely em- 
ployed in the future. 

The following will be concerned with 
a series of experiments conducted mainly 
in  the   hydrodynamics laboratory of 
the University of Chicago.   These experi- 
ments began in 1946 with studies of the 
motions and especially of the latitudinal 
distribution of the zonal wind component, 
in a thin sheet of fluid encased between 
two concentric glass  shells  (Fultz,    1949). 
The shells were rotated and an equato- 
rial heat source was applied.   This expe- 
rimental setup does not fully portray 
atmospheric conditions,   apart from the 
physical differences between water and 
air.   There were two boundary surfaces 
which retarded the flow frictionally. 
Moreover,   it is practically impossible 
to have the correct orientation of all 
forces in the experiment.   Gravity,   in 
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particular,   acts perpendicular to the 
horizontal motions in the atmosphere, 
while in the experiment it acts in the 
same direction everywhere.   Never- 
theless,   remarkably realistic profiles 
of the zonal-wind component with lati- 
tude were obtained for the concentric 
shells at high rotation rates (ca.   16 
rpm).   These may be compared with 
the distribution of the 500 mb wester- 
lies (fig. 12. 25) determined from fig. 
9. 3 by dividing the latitudinal velocity 
distribution in January and July with 
the earth's equatorial velocity (460 
mps or about 1000 mph). 

Subsequently it was discovered 
that remarkably close analogies to 
atmospheric general circulations 
could be obtained in much simpler 
apparatus -- open dishpans or basins 
-- ■which differ from the atmosphere 

_even more than rotating shells be- 
cause the Coriolis parameter is a 
constant.   The first dishpans were 
bought in the hardware store,   later 
more fanciful versions were developed, 
A wide range of experiments has been 
undertaken with dishpans.   Important 
null experiments were run with rota- 
tion without heating,   and heating 
without rotation.   Results were as one 
should expect them.   Rotation without 
heating led to solid rotation,   heating 
without rotation to the well known cir- 
culation found in a smoke-filled room 
with a hot radiator. 

It follows that combinations of 
heating and rotation rates are neces- 
sary to produce general circulations 
of the atmospheric type. 

Wide ranges of such combinations 
have been effected in pans of varying 
radius and depth;  sometimes only 
with heat sources,   sometimes with 
equatorial heat and central cold 

Sources in form of cylinders,   sometimes 
with flush polar cold sources at the 
bottom.   Obstacles resembling mountain 
ranges and plateaus such as the Hima- 
layas have been introduced with success- 
ful results  (Long 1952).   It would lead 
entirely too far within this text to 
summarize the whole range of experi- 
ments and their bearing on the under- 
standing of jet streams.   Only  one of 
the outstanding discoveries will be dis- 
cussed.   The type of general circulation 
produced depends intimately on heating 
and rotation rates chosen,   especially 
the latter.   When certain critical thres- 
holds are crossed,   a general circulation 
type will break down and go over into 
another type (Fultz,   et al,   1956). 

,-1 

The principal determinant is again 
the ratio u/ce which,   for atmospheric 
jets,   has a characteristic value of 10' 
At low rates of pan rotation,   high- 
energy flow can be obtained with magni- 
tude of 10     (i. e. ,   one) for u/ce.   This 
type of flow contains a steady and 
symmetrical jet stream.   At Rossby 
numbers of 2-5 x 10" ^ symmetrical 
circulations cannot be maintained, 
presumably for the reason discussed 
earlier,   namely that too strong a field 
of zonal motion is demanded from mo- 
mentum considerations.   Wave trains 
along a jet take the place of axially- 
symmetric flow; the waves usually prop- 
agate counterclockwise,   i. e.  with the 
westerlies.   Steady state can be attained 
for given combinations of heating and 
rotation rates,   but the number of waves 
can be manipulated.   When the pan rota- 
tion is increased,   sudden formation of 
new waves can be produced.   Increased 
heating will tend to produce stronger 
temperature gradients,   hence acts to 
decrease the ■wave number.   Finally, 
at u/c e  of 10"   .  which corresponds 
to atmospheric jet streams,   even steady 
wave trains are difficult to realize. 
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Wave patterns and jet streams that 
change intensity and amplitude with time 
make their appearance.   Life cycles of 
these systems can be generated which 
often bear startling resemblance to 
those known to the weather forecaster. 

Examples of these three classes of 
general circulations with jet streams 
will be shown briefly. 

Symmetrical Flow:    Created at rates of 
pan revolution as low as 1/2 to 1  rpm, 
the jet stream in symmetrical experi- 
ments is very powerful.   The circulation 
shown in fig. 12. 26 was produced in a 
pan with radius of 20 cm,  water depth 
of 6 cm,   rim  equatorial  heat source of 
100 watts and central cylindrical cold 
source with radius of 5 cm.   Isolines up 
to 1. 2 have been drawn,   at the jet center 
1.4 was measured.   This corresponds 
to about 1400 mps on earth; hence the 
regime clearly does not correspond to 
atmospheric middle latitudes.   It is 
thought to resemble most closely the 
tropics where the Coriolis parameter 
is small,   and often has been called a 
trade-wind cell.   Even this analogy, 
however,   is poor,   because the atmos- 
pheric currents of the tropics are quite 
unsteady except near the surface and 
nowhere attain the magnitude of the 
velocities in fig. 12. 26. 

The flow in this experiment is high- 
ly ageostrophip because the centrifugal 
acceleration j^r^/r greatly exceec^the 
Coriolis acceleration-^WB* in the jet 
stream.   Here •^•is the tangential com- 
ponent of motion in a cylindrical- 
coordinate system fixed at the center of 
the pan and rotating with the pan,   r is 
the radius from the center and f the 
Coriolis parameter.   The meridional 
component of motion,   a purely ageo- 
strophic component because of the axial 
symmetry,   is very small in contrast. 

All ascent and descent takes place very 
close to the boundaries permitting the 
water to pass sufficiently close to the 
walls for the required heat exchange by 
conduction throught the walls.   A direct 
transverse cell,   as in fig. 12. 10,   is in 
operation.   This cell carries all heat 
transport.   Moving from high to low 
pressure everywhere (westerlies at 
the top and easterlies at the bottom) it 
produces kinetic energy over the entire 
cell.   As cold water sinks and warm 
water rises,   potential energy is re- 
leased.   The slope of the isotherms is 
held steady by the action of the heat 
and cold sources which counteracts the 
tendency of the transverse circulation 
to move the cold underneath the warm 
water.   Dissipation of kinetic energy 
by friction holds the total kinetic energy 
steady.   Vaisanen (1959) has shown that 
excellent agreement is obtained when 
all energy sources and sinks are 
individually determined. 

In spite of the strength of the jet 
stream,   it attains only one-third of 
the speed that would be expected from 
conservation of momentum.   Since there 
are no pressure gradients with longi- 
tude,   only retardation through frictional 
stresses can account for the failure of 
the actual strength of the winds to 
attain that demanded from the momentum 
principle.   Because of the high relative 
speeds it is entirely plausible,   in line 
with Vaisanen's computations,   that 
frictional stresses play a much larger 
role relative to the other forces than 
in experiments with lower Rossby 
numbers. 

For further insight into symmetri- 
cal jet streams,   a series of experi- 
ments has been carried out in which the 
strength of the heat source was varied 
for given rotation rates.   Increases of 
jet stream strength with heat source 
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were observed (fig, 12.27),   The regres- 
sion lines,   best plotted on semi-log 
paper,    show however  that the increase 
of wind and kinetic energy was not pro- 
portional to the increase in heat source. 
Nevertheless,   the fact that a positive 
correlation exists,   is interesting in 
itself and merits further exploration, 
also in the atmosphere. 

Steady Wave Trains:    At pan rotation 
rates of 3-4 rpm with heat source on 
the order of 100 watts and central cylin- 
drical cold source,  wave trains with 
wave number from 2 to 6 and even more 
replace the symmetrical cell.   These 
wave trains usually propagate eastward 
with the basic westerlies; they are 
"steady" in that wave length,   amplitude 
and rate of progression do not change 
once the pattern is set up as long as 
experimental conditions are not varied. 
Fig. 12.28 portrays the surface isotach 
pattern for a three-wave experiment 
(Riehl and Fultz,   1957); because all 
three waves look alike,   drawings have 
been made for only one of these waves. 
The isotachs resemble those of the 
jet stream to a surprising extent-- 
even the anticyclonic shear is less than 
the cyclonic shear,   as in the atmos- 
pheric cases.   The speed is almost uni- 
form along the axis.   With u/ce = 0. 2 the 
mean jet velocity is only a little above 
that for the subtropical jet stream 
of winter.   Except for the eastward pro- 
pagation of the dishpan waves,   this 
three-wave case and the subtropical 
jet stream provide a striking series of 
analogies whichever aspects of struc- 
ture or maintenance of the currents 
one wishes to touch upon. 

In vertical cross section (fig. 12. 29) 
the dishpan current resembles jet 
streams on the earth.   The isotherms 
slope as they do in fig. 1, 1 in the Gulf 
Stream.   A little above the bottom, 

isotherms and contours of isobaric sur- 
faces are observed which relfect the 
atmospheric sea level map.   A cyclonic 
center (fig. 12. 30) is situated under the 
southwestern inflection point of the sifr»- 

■aS&e jet,   and an anticyclonic center 
under the northwestern inflection point. 
The warmest water is associated with 
the Low and the coldest water with the 
High (fig. 12. 31).   Vertical motions are 
arranged just as they are in the atmos- 
phere with respect to typical cyclones 
and anticyclones  (fig. 12. 32).   The level 
of non-divergence lies in the middle of 
the fluid which corresponds to 600-500 
mb for the troposphere,   and the rate 
of vertical displacement corresponds 
to that of the atmosphere when it is 
taken into account that the ratio of 
vertical to horizontal extent of the fluid 
is  1:4 in the dishpan and 1:100 in the 
atmosphere. 

Such close resemblance must be 
considered as indicative of a general 
model of atmospheric structure which 
will develop in quasigeostrophic flow 
with differential heating.   Further 
analysis  (Riehl and Fultz,   1958) has 
shown that a simple heat-engine type 
of circulation and energy cycle is 
found in the three-wave case when all 
averaging with longitude is performed 
following the jet axis as described in 
Chapter V.   It was,   in fact,   this experi- 
ment which suggested application of 
"jet coordinates" to the subtropical jet 
stream.   In the dishpan case,   all heat 
and momentum transport from equato- 
rial to polar latitudes takes place by 
means of the ageostrophic motion at 
the jet axis which is one of the most 
remarkable features of the axis.   Pro- 
duction of kinetic and release of 
potential energy are also accomplished 
by this circulation. 
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One of the most interesting calcula- 
tions performed was a computation of 
the velocity profile equatorward of the 
jet axis with the  constant-vorticity- 
transport hypothesis,   mentioned at the 
beginning of this chapter.   This computa- 
tion was made in the coordinate system 
following the jet axis for both the 
dishpan experiment and the subtropical 
jet stream.   Let the s-axis be oriented 
along the jet stream and the n-axis 
normal to it.  If cn denotes the velocity 
component along n,   the condition for 
constant vorticity transfer is 

(14) s x cn (^ a = const 

along the n-axis.   The bar indicates 
averaging around the dishpan or globe 
following the jet stream,   and the length 
s appears because it decreases from 
heat source to cold source.   Only the 
mean mass circulation cn and the mean 
absolute vorticity ^    were used for the 
calculation.   Results are given in fig. 
12. 33; and excellent approximation to 
the observed velocity profiles is obtain- 
ed both for dishpan and atmosphere.   It 
follows that the constant-vorticity- 
transfer hypothesis is capable of 
explaining the velocity distribtuion 
equatorward of jet axes from the dynamic 
viewpoint. 

Unsteady Waves with Cycle:    When the 
pan rotation rate is increased to about 

10 rpm -- other conditions remaining 
about equal -- even the steady waves 
cannot be maintained.   They are replaced 
by waves whose shape changes with 
time.   A repeating cycle can be develop- 
ed with period of about 14 revolutions 
(or 14 days is the atmosphere); this 
corresponds to the "index cycle" of the 
atmosphere.   In a series of open waves 
the amplitude gradually increases until 
finally the wave pattern breaks down 
into vortices -- cold Lows and warm 
Highs.   After this culmination,   the 
waves are gradually re-established. 
The time variation of the zonal flow 
averaged around the pan (fig. 12. 34) 
is similar to that of fig. 7. 13,   except 
that in the dishpan a regular progres- 
sion of high zonal speeds from low to 
high latitudes,   or vice versa,   has not 
been obtained.   Variations in zonal 
speed are produced by variable loca- 
tion of high-speed centers along the 
jet axis.   In fig. 12. 35 --  representative 
of open waves -- velocities are con- 
centrated in the southwest flow and 
in the ridges.   In fig. 12. 36.   -- typical 
of the vortex stage -- highest speeds 
are encountered south of the cold-core 
cyclones; there is even a suggestion 
of splits in the current east of these 
Lows.   These sequences are quite 
realistic and lead one to hope that 
further pursuit of the model approach, 
coupled with parallel atmospheric 
studies,   will lead to eventual solution 
of the jet stream problem. 
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Fig. 12.1    Profile of surface velocities in Gulf Stream 28 October 1950 (von Arx 1952). 
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Fig. 12.6   Mean meridional wind component (m/s) for latitude   15° N,   December 1955- February 1956, as a function of 
pressure (Palmen, Riehl, Vuorela, 1958). 
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Fig.  12.7   Comparison of three fet-stream systems on a non-dimensional scale, where L is the distance from the jet 
axis over which the kinetic energy decreases to 50 percent of that at the core. 
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Fig. 12.8   Distribution of 1000 mb contour height at 200 foot intervals (solid) and 500 mb temperature at 5   C intervals 
(dashed) after 17 and 20 days in Phillip's (1956) numerical experiment of the general circulation. 

Fig. 12.9   Variation of mean zonal wind component (m/s) at 250 mb with latitude (j) and time in Phillip's (1956) experiment. 
Regions with easterly winds shaded. 
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Fig. 12.10   Model of simple heat engine in vertical cross section. 
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Horizontal and vertical lines are wind speeds in knots 

Curved lines are height changes m lOOs of feet 
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Fig. 12.11   Nomogram for computing acceleration and deceleration for stationary horizontal Bernoulli 
flow. 
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Fig. 12.12 200 mb winds and streamlines, 18 September 1957, 0OGMT. Heavy lines denote jet axes, 
shading covers areas with speed above 60 knots. A denotes anticyclonic and C cyclonic 
circulation   (Riehl 1959). 
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Fig. 12.13   300 mb contours (100's feet, first digit omitted), 23 March 1953 (Riehl 1954a).   Heavy line marks 
jet axis; line extending from east coast to Lake Michigan is path taken by research aircraft. 

Fig. 12.14   300 mb isotachs (knots), 23 March 1953. 

Fig. 12.15   500 mb isotherm (   C) and arrows indicating flow direction, 23 March 1953. 

Fig. 12.16   200 mb isotherms (   C), 23 March 1953. 
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Fig. 12.17   Model of streamlines and patterns in "confluence" zone (Namias and Clapp 1949). 
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Fig. 12.18   Schematic vertical-motion field superimposed on isentropes (thin lines) associated 

with westerly jet stream according to hypothesis by Staff Members, University of 
Chicago (1947).    Heavy line is tropopause. 
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Fig. 12.19   Absolute vorticity, pressure thickness and potential vortictty for the layer between 
the potential-temperature surfaces of 340    and 360   A which cross the subtropical 
jet   stream of winter just below and above the level of maximum wind (Krishnamurti 
1959a).    Ordinate gives distance relative to jet axis in degrees latitude. 
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Latitude 

Fig. 12.20   Observed potential-vorticity cross section at level of strongest wind from fig. 12.4 (solid line, 
Palmen and Newton 1948) and two-layer model according to Platzman (1949) (dotted). 

Fig. 12.21   Cross section of potential vorticity (10'2 cgs) for jet stream of 26 December 1958 (Fig. 10.12). 
Ordinate is potential temperature, abscissa distance from jet axis. 

Fig. 12.22   Isotachs (knots) for the isentropic layer 360-370   A, 26 December 1958; bracketed winds 
extrapolated.   Also streamlines north and south of jet axis across the box in fig. 10.12. 
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Fig. 12.23   Top;   Variation of pressure along the two streamlines of fig. 12.22; 
middle:   pressure thickness; bottom:   potential vorticity. 
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Fig. 12.24   Velocity profiles normal to jet axis in the isentropic layer 360-370oA 

at western and eastern ends of the box in fig. 12.22. 
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Fig. 12.25   Loft:    Zonal wind profiles for summer and winter at 500-mb from fig. 9.3, expressed non-dimensionally; 
Right:   Zonal motion in rotating hemispherical fluid sheet for different rates of heating (Foltz 1949). 

Fig. 12.26   Zonal wind speed (expressed as fraction of the equatorial speed of the pan) in symmetrical dishpan 
experiment.   Height (z) and radius (r) expressed in fraction of total height and radius of the dishpan. 
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Fig. 12.27   Variation of jet velocity with heating rate at top surface in symmetrical dishpan experiments for two 
angular-rotation rates of the dishpan.    Radius of jet core indicated in fractions of the radius of the 
pan.   Cold-source wall at r* = 0.25. 

Fig. 12.28 Velocity (in percent of the equatorial pan velocity) at top surface in steady three-wave dishpan case 

(Riehl and Fultz 1957). Heavy solid line marks jet axis, dashed line with arrows trajectory crossing 

over axis. 
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Fig.  12.29   Vertical cross section of wind speed (percent of equatorial pan speed) and temperature 
(departure from 16   C) for jet stream in steady three-wave experiment at trough line. 

Fig. 12.30   Stream function of the geostrophic wind at 1 cm height in steady three-wave experiment. 
Double-dashed line shows the position of the high level jet. 

Fig.  12.31    Temperature at 1 cm depth in steady three-wove experiment (departure from    160C). 

Fig.  12.32   Vertical motion (per mille of equatorial pan speed) in steady three-wave experiment. 
Double-dashed line marks jet axis.    U is up and D down. 
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Fig. 12.33   Observed velocity profiles (fraction of equatorial pan speed and equatorial velocity of the earth) 
for three-wave dishpan experiment and subtropical jet stream of winter (solid) and profiles 
computed with constant-vorticity-transfer hypothesis (dashed) . 

Fig. 12.34   Time cross section of mean zonal velocity (percent of equatorial velocity) for unsteady dishpan 
regime.   Ordinate gives radius (fraction of pan radius), abscissa time expressed as number of 
revolutions, or  "days". Top:    Time variation of zonal speed averaged from heat source to cold 
source.    Courtesy of Dr. Dave Fultz. 
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Fig.  12.35   Photograph of surface velocity field and 
isotachs during wave stage of unsteady 
experiment.    Courtesy of Dr.  Dave Fultz. 

Fig. 12.36 Photograph of surface velocity field and 
isotachs during vortex stage of unsteady 
experiment.   Courtesy of Dr. Dave Fultz. 
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